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Summary 
Among the different newly developed sample preparation methods, 
microextraction techniques have attracted the most attention in the past several 
years, riding on the trend of miniaturization in many areas of analytical chemistry. 
The objectives of this study were to develop one type of microextraction 
methodologies, i.e. liquid-phase microextraction (LPME) and to explore and 
extend its range of applicability. 
Firstly, organic solvent-based hollow fiber-protected LPME was coupled with 
on-column derivatization to determine carbamate pesticides and pharmaceutically 
active compounds (PhACs) present in environmental aqueous samples. Both static 
and dynamic modes of LPME were investigated. In static LPME of carbamate 
pesticides, a small volume (typically several microliters) of organic solvent, 
contained inside a hollow fiber channel, served as the extraction phase. After 
extraction, the extract was injected into GC column together with derivatization 
reagent for on-column derivatization and analysis. The results showed that this 
method could be a powerful alternative to traditional sample preparation method. 
The limits of detection (LODs) ranged from 0.2 to 0.8 µg/l, lower than US 
Environmental Protection Agency (EPA) method 531.1. Dynamic LPME coupled 
with on-column derivatization was applied to determine PhACs. In dynamic 
LPME, a layer of organic film was formed within the inner side of hollow fiber 
wall by moving the organic solvent within the hollow fiber. The analytes were 
adsorbed by the organic film and then extracted by the organic solvent. The LODs 
of dynamic LPME of PhACs ranged from 0.01 to 0.05 µg/l. The results for 
carbamates and PhACs suggested that hollow fiber-protected LPME coupled with 
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on-column derivatization represented an excellent sample preparation method for 
the analysis of polar or thermally-labile organic pollutants or drugs in 
environmental water samples. 
Secondly, two water-based LPME techniques were developed. In headspace 
water-based LPME method, a water droplet was placed in the headspace of the 
sample matrix and served as the extraction phase. Phenols were used as model 
compounds. After extraction, the water droplet was introduced to a capillary 
electrophoresis system (CE) for analysis. The LODs, which ranged from 0.001 to 
0.003 µg/ml, were low enough for the determination of phenols in environmental 
analysis. In addition, the entire analytical procedure is totally organic solvent-free. 
Hollow fiber-protected LPME via gaseous diffusion was also investigated as 
another novel sample preparation method. An aqueous solution was placed inside 
the channel of a hollow fiber as the extraction solvent. There was no organic 
solvent immobilized inside the wall pores of the hollow fiber. Volatile analytes 
diffused across the wall pores from the sample solution to the extraction solvent. 
Therefore, the extraction process was also totally organic solvent-free. Phenols 
were chosen as model compounds. The LODs ranging from 0.5µg/l to 10µg/l 
were achieved. These two water-based LPME methods opened new perspectives 
in the development of LPME methods since they were not only effective but also 
totally organic solvent-free. 
Lastly, ionic liquid-based LPME was investigated. Ionic liquids, regarded as 
green solvents, were applied as the extraction phase for organochlorine pesticides 
in soil samples. The ionic liquids were hold at the tip of the microsyringe and 
exposed to the headspace of the sample matrix for extraction. The LODs ranged 
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from 0.25 ng/g to 0.5 ng/g. The results showed that this method could provide 
high extraction efficiency for the analysis of organochlorine pesticides. The main 
advantage was the totally organic solvent-free sample preparation approach. As 
ionic liquids are conceived as “designer solvents”, their properties could be easily 




















                                                                                                  
 x 
 
List of Tables 
Table 1-1 Features of conventional sample preparation methods 4 
Table 1-2  Comparative analysis of several main developments of 
microextraction techniques 
7 
Table 2-1 Chemical structure and physical properties of target 
analytes. 
31 
Table 2-2 Quantitative results of LPME combined with on-column 
derivatization. 
41 
Table 2-3 Recoveries of real water samples by LPME combined 
with on-column derivatization. 
41 
Table 3-1  Chemical structures and physical properties of target 
analytes 
51 
Table 3-2 Quantitative results of dynamic LPME of PhACs 63 
Table 3-3 Relative recoveries of real water samples by LPME 
combined with on-column derivatization 
63 
Table 4-1 Physical properties of target phenols 70 
Table 4-2 Performance of headspace WB/LPME 83 
Table 5-1 Comparison of LGLME and LLLME 97 
Table 5-2 Quantitative Results of LGLME conducted under the 
optimal conditions 
99 
Table 6-1 Physical properties of organochlorine pesticides 106 
Table 6-2 Effect of water addition on the extraction efficiency 
(sample concentrations, 12.5 ng/g of each analyte) 
113 
Table 6-3 Effect of sampling temperature on the extraction 
efficiency (sample concentrations, 12.5 ng/g of each 
analyte) 
114 
Table 6-4 Effect of thermodesorption time on the extraction 
efficiency (sample  concentrations, 12.5 ng/g of each 
analyte) 
115 








                                                                                                  
 xi 
List of Figures 
 
Figure 2-1 Mass spectra for derivatives of the carbamate pesticides. 33 
Figure 2-2 Selection of derivatization reagent. 35 
Figure 2-3 Concentration of the derivatization reagent. 36 
Figure 2-4 Effect of extraction solvent on extraction and 
derivatization. 
37 
Figure 2-5 Extraction time profile of carbamate pesticides. 38 
Figure 2-6  Total ion chromatograms of five carbamate pesticides 
spiked into drain water samples after microextraction. (1). 
Promecarb; (2). Propham; (3). Carbaryl; (4). Methiocarb; 
(5). Chlorpropham. 
43 
Figure 3-1 Mass spectra of derivatives of four PhACs. 52 
Figure 3-2 Effect of extraction solvent. 54 
Figure 3-3 Effect of volume of extraction solvent. 55 
Figure 3-4 Effect of stirring in the sample solution. 56 
Figure 3-5 Effect of pumping rate. 58 
Figure 3-6 Effect of dwell time (a) dwell time in pumping 
programmed phase 2; (b) dwell time in pumping 
programmed phase 4. 
59 
Figure 3-7 Extraction time profile. 60 
Figure 3-8 Total ion  chromatograms of four PhACs spiked into drain 
water samples after extraction by the proposed method. 1) 
clofibric acid; 2) ibuprofen; 3) naproxen; 4) ketoprofen.   64 
Figure 4-1 Schematic of headspace WB/LPME. 71 
Figure 4-2 Effect of temperature. 78 
Figure 4-3 Effect of the concentration of sodium hydroxide on 
extraction efficiency. 80 
Figure 4-4 Extraction profile of headspace WB/LPME. 81 
Figure 5-1 Schematic diagram of LGLME.  88 
Figure 5-2 Schematic of mass transfer process in LGLME. 91 
Figure 5-3 Effect of sodium hydroxide concentration on extraction 
efficiency. 
93 
Figure 5-4 Effect of extraction time on extraction efficiency for 4 
µg/ml of each phenol (Extraction temperature: 70 ºC). 
94 
Figure 5-5 Effect of extraction temperature on extraction efficiency. 95 
Figure 5-6 Effect of stirring rate on extraction efficiency. 96 
                                                                                                  
 xii 
Figure 6-1 Structures of target pesticides. 105 
Figure 6-2 Structures of the ionic liquids considered in this work. 107 
Figure 6-3 Schematic of headspace ionic liquid-based LPME. (a) 
Extraction set up. (b) Thermal desorption in GC injection 
port. 
110 
Figure 6-4 Extraction profile (concentrations, 12.5 ng/g of each 
analyte). 
111 
Figure 6-5 Gas chromatogram of (a) thermally-desorbed “pure” ionic 
liquid; (b) extract of blank soil sample after ionic liquid-
based LPME and (c)  extract of headspace ionic liquid-
based LPME of aged soil spiked with the analyts after 
ionic liquid-based LPME (Concentrations are as reported 
in page 115, see text); Peak identification: (1) α-BHC; (2) 


































                                                                                                  
 xiii
 

















CE capillary electrophoresis 
CW/DB carbowax-divinylbenzene 
CW/TP carbowax-templated resin 
DAD diode array detection 
ECD electron capture detection 
EPA Environmental Protection Agency 
EU European Union 
                                                                                                  
 xiv 
FIE flow injection extraction 
GC gas chromatography 
GC-MS gas chromatography–mass spectrometry 
HF/LPME hollow fiber-protected liquid-phase 
microextraction 
HPLC high-performance liquid chromatography 
LC liquid chromatography 
LGLME liquid-gas-liquid microextraction 
LLE liquid─liquid extraction 
LLLE liquid-liquid-liquid microextraction 
LODs limits of detection 
LPME liquid-phase microextraction 
MAE microwave-assisted extraction 
MMLLE microporous membrane liquid-liquid 
extraction 
OCPs organochlorine pesticides 
PA polyacrylate 




PhACs pharmaceutically active compounds 
PPY polypyrrole 
                                                                                                  
 xv 
RSDs relative standard deviations 
SBSE stir bar sorptive extraction 
SDME single drop microextraction 
SFE supercritical fluid extraction 
SIM selective ion monitoring 
SLM supported liquid membrane extraction 
SPE solid-phase extraction 
SPME solid-phase microextraction 
TMAH tetramethylammonium hydroxide 
TMPAH trimethylphenylammonium hydroxide 
TMSH trimethylsulfonium hydroxide 
UV ultraviolet 
WB/LPME water-based LPME 
 
































                                                                                                          
 2 
Chapter 1. Introduction 
1.1 Environmental analysis 
With the development of modern industry, many synthetic organic 
substances have been introduced to the environment incidentally, deliberately or 
accidentally. Many of these chemicals are potential hazards to humans, animals 
and wildlife. Therefore, environmental pollution caused by such chemicals has 
become a major concern to laypersons and scientists alike.  
Environmental chemistry plays a critical role in environmental pollution 
control as it provides invaluable information for this task to be carried out. It is 
essentially a science to study the behavior of chemicals in the environment, such 
as their occurrence level, transformation and ultimate fate.  
In order to study the environmental behavior of chemicals, environmental 
analysis, which aims to determine the concentration of pollutants in the 
environment, is therefore very important. Environmental analysis includes five 
steps: environmental sampling and handling, sample preparation, analyte 
identification and quantification (by analytical instruments), statistical evaluation 
and action. Chromatographic and electrophoretic instruments coupled with a 
variety of detectors are very powerful analytical instruments in environmental 
analysis. However, in most, if not all, situations, these analytical instruments 
cannot be used to directly determine analytes in complex environmental matrices. 
Sample preparation is necessary to isolate the target analytes from a complex 
environmental matrix into a form that is compatible with the particular analytical 
technique to be used. In addition, the concentrations of environmental pollutants 
are always very low, ranging from parts per million (ppm) to parts per trillion 
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(ppt), so sample preparation is frequently required to preconcentrate the target 
analytes to a detectable concentration level. Sample preparation is a critical step in 
the entire environmental analytical protocol as contamination or loss of analytes in 
this procedure will affect the ultimate analytical accuracy and quality significantly 
[1].  
To date, there are some sample preparation methods that are well established 
and that provide good extraction and preconcentration (as described in the next 
section below). However, these methods are time-consuming and labor-intensive 
when compared to the other four steps of an environmental analytical 
methodology. More importantly, these methods consume a lot of organic solvent 
which may subsequently lead to additional environmental pollution in the analysis. 
It is ironic that methods to investigate environmental pollution problems may 
sometimes lead to more environmental degradation. There is obviously a need to 
come up with sample preparation procedures that not only work well but also not 
add to the environmental problem facing us today. 
 
1.2 Sample preparation methods 
Well established and popular sample preparation methods include 
liquid−liquid extraction (LLE), solid-phase extraction (SPE), supercritical fluid 
extraction (SFE), microwave-assisted extraction (MAE), static headspace 
sampling and purge-and-trap procedures. The features of these sample preparation 
methods are shown in Table 1-1. 
 Table 1-1 shows that these conventional sample preparation methods have 
some crucial problems. LLE is a very tedious procedure and needs large volumes 
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organic solvent Very clean extracts can be achieved 
Multiple steps. A large volume 
of toxic, expensive organic 
solvent needed 
[2-5] 
SPE Adsorbent material 
Fast, easy to operate. Less organic 
solvent and higher enrichment 
factors than LLE 
Certain volume of organic 
solvent used, multiple steps, 
not suitable for volatile 
analytes 
[6-8] 
SFE Supercritical fluids Fast and organic solvent-free Expensive supercritical fluids 
and delivery system [9-13] 
MAE Water-immiscible 
organic solvent 
Fast, high sample throughput, less 
organic solvent, high extraction 
efficiency 
Certain volume of organic 
solvent used, not suitable for 
volatile analytes 
[14-18] 
Headspace sampling Gas Simple, organic solvent-free Low sensitivity thus only 
suitable for volatile compounds [19-21] 
Purge-and-trap Gas More sensitive than static headspace 
sampling, organic solvent-free 
Complicated operational 
procedure, carrierover effect [22-26] 
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of potentially toxic and expensive organic solvents. SPE and MAE are “greener” 
methods and require smaller volumes of organic solvent, but the volume of 
organic solvent used is still in the tens to several hundreds milliliter range. SFE 
and headspace sampling (static headspace sampling and purge-and-trap) are 
organic solventless sample preparation methods. However, static headspace 
sampling suffers from low sensitivity, and thus can only be applied for very 
volatile compounds. SFE and purge-and-trap need some special operational 
systems which are not easy to operate and require substantial capital outlay. SFE 
also needs high purity supercritical fluids, which are relatively more expensive 
extraction solvents. In addition, there are always multiple steps involved in most 
of these conventional sample preparation methods (except static headspace 
sampling). This may lead to loss of target analytes during the sample preparation 
procedure. Due to these problems, development of new sample preparation 
methods, which are time-saving and environmentally-friendly, has become a 
major focus for environmental analytical scientists [27]. 
In the past few years, some emerging sample preparation methods such as 
pressurized liquid extraction [28, 29], subcritical water extraction [30-37] and 
supported liquid membrane extraction (SLM) [38, 39] have been employed as 
alternatives to conventional sample preparation methods. Although these sample 
preparation methods are time-saving and less labor-intensive, special sample 
preparation devices are needed. In general, then, there is a need to develop some 
new sample preparation methods which have good extraction efficiency, are 
simple and thus less labor-intensive and are organic solventless or organic 
solvent-free. In this respect, miniaturized sample preparation (microextraction) 
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techniques have established an important trend in the development of sample 
preparation methods. 
 
1.3 Microextraction techniques 
The concept of microextraction comes from the introduction of solid-phase 
microextraction (SPME). It is defined as an extraction where the volume of 
extracting phase is very small in relation to the volume of the sample [40].  
Additionally, it is an equilibrium extraction technique rather than an exhaustive 
extraction technique as in the majority of conventional sample preparation 
techniques. Generally, based on the nature of the extraction phase, 
microextraction techniques can be classified into two categories: sorbent-based 
microextraction techniques and solvent-based microextraction techniques. A 
comparative analysis of several main developments of microextraction techniques 
is list in Table 1-2. 
1.3.1 Sorbent-phase microextraction 
Solid-phase microextraction (SPME) is currently the most popular sorbent-
based microextraction technique. It was developed on the basis of SPE by 
Pawliszyn and coworkers in 1989 [41, 42]. In SPME, a small amount of an 
extracting phase (typically adsorbent polymer) is coated evenly on a supporting 
material (typically fused silica). When SPME is exposed directly to an aqueous 
sample or its headspace, the analytes partition between the sample matrix and the 
coating. After extraction, the extracting fiber is introduced to a conventional gas 
chromatography (GC) injector or a modified high performance liquid
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Table 1-2 comparative analysis of several main developments of microextraction techniques
Microextraction techniques Extraction phase Advantages Disadvantages Applications 
reported in the 
literature 
Solid-phase microextraction Adsorbent polymer Simple, fast, organic solvent free 
and commercially available 
SPME fibers are usually 
fragile and expensive 
[85-91] 
Stir bar sorptive extraction Polymer coated stir bar Simple, fast, organic solvent free 
and commercially available. 
Higher sensitivity 
Special thermal desorption 
unit is required 
[95-97] 
Single drop microextraction Organic solvent Simple, fast, consumption of 
organic solvent is in the range of 
microliter volume 
Extraction microdrop is not 
stable in “dirty samples” 
[112-120] 
Hollow fiber protected LPME Organic solvent and/or 
buffer solution 
Simple, fast, consumption of 
organic solvent is in the range of 
microliter volume; increased 
mass transfer rate and sample 
clean up 
Porous hollow fiber has to 
be used 
[121-152] 
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chromatography (HPLC) injector and the analytes are consequently desorbed from 
the coating into the analytical instrument. 
In SPME, the selectivity for the extraction of target analytes is based on the 
principle of “like dissolves like”, the polarity of the analytes, their boiling points, 
and their partition coefficients between the sample matrix and coating sorbent. In 
order to provide good selectivity for the extraction, different types of sorbents 
have been investigated and applied as SPME extraction phases, such as:  
polydimethylsiloxane (PDMS) [43-49], polyacrylate (PA) [50-55], carbowax-
divinylbenzene (CW/DB) [56-59], carboxen-PDMS [60-64] and carbowax-
templated resin (CW/TP) [65-68].  
Besides the type of extracting sorbent, different SPME extraction modes have 
been developed including on-fiber direct SPME [69-72], headspace SPME [73-77] 
and in-tube SPME [78-84]. For on-fiber SPME, the sorbent is coated on a 
supporting rod. It is often combined with GC analysis. It can also be coupled with 
HPLC using a special, if complicated interface. For in-tube SPME, the sorbent is 
coated on the inner surface of a short capillary column. In-tube SPME is often 
combined with HPLC or CE.  For headspace SPME, the fiber is exposed to the 
headspace of the sample matrix to extract the volatile or semivolatile compounds. 
The analytes partition from the sample matrix to the headspace and are 
subsequently extracted and concentrated by the sorbent on the SPME fiber.   
Generally, SPME is a fine sample preparation technique: simple, convenient, 
generally fast and solvent free (for GC applications). Therefore, since its 
introduction, SPME has been widely applied in many fields including 
environmental, food, natural products, biological, forensic and pharmaceutical 
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analysis [85-91]. However, there are also some limitations. The most popular 
commercial fused silica SPME fibers are fragile and easily broken [92, 93]. In 
addition, SPME fibers are relatively expensive and have a limited lifetime. In 
some cases, the carryover effect is very difficult to be eliminated [94]. Lastly, 
since the coating is relatively thin, the extraction capacity for SPME is limited. 
In recent years, some other sorbent-based microextraction techniques 
including stir bar sorptive extraction (SBSE), thin film microextraction and 
polymer-coated hollow fiber membrane microextraction (PC-HFME) have been 
developed as alternatives to SPME.  SBSE was developed by Baltussen and 
coworkers [95]. In SBSE, a glass-lined magnetic bar coated with a thick layer of 
PDMS is used. The coated stir bar is then introduced to the sample matrix for 
extraction and is followed by thermal desorption in a dedicated accessory (unlike 
SPME, for which a normal GC injector is used). Since the amount of PDMS in 
SBSE is much higher than that in SPME, this technique provides a significant 
increase in detection sensitivity [96, 97]. However, the main drawback of this 
technique is that it needs a special thermal desorption unit as the stir bar cannot be 
directly introduced to a normal GC injector. Also, only PDMS-coated stir bars are 
available. Currently, both SPME and SBSE are commercially products sold by 
two separate companies, respectively; these have disadvantages because it means 
they are probably were expensive than they need to be. 
Thin film microextraction was developed by Bruheim and coworkers in 2003 
[98]. Here, a thin sheet of PDMS membrane is used as an extraction phase. The 
results show that this new technique provides higher extraction efficiency and 
sensitivity compared to an SPME fiber with thicker coating. However, the main 
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drawback of this technique is that the introduction and desorption of extracting 
membrane in the GC injection liner is quite complicated.  
PC-HFME was developed in our laboratory very recently [99]. In PC-HFME, 
a short length of hollow fiber is coated with a polymeric adsorbent phase. During 
extraction, the coated-fiber trembles around in the sample and analyte attraction 
taken place. PC-HFME results indicate that this technique can provide better 
extraction sensitivity and selectivity compared to SPME fiber. However, in this 
technique an additional solvent desorption and concentration step is needed. This 
requires organic solvent in the 100-µl range (due to the minimized solvent 
required for a GC autosampler system) .  
 
1.3.2 Solvent-based microextraction techniques 
 Solvent-based microextraction is another kind of microextraction technique 
which was developed to address the problems of high organic solvent 
consumption of conventional sample preparation methods. Flow injection 
extraction (FIE) with solvent extraction was developed by Karlberg and Thelander 
[100], and by Bergamin [101]. In 1979, Murray introduced another solvent-based 
microextraction system in which 200 µl hexane was applied to extract from 980 
ml water sample in a modified volumetric flask [102]. Both techniques can be 
regarded as the first exploration of a microextraction system. However, the 
solvent consumption for these two techniques is still in the order of hundreds of  
microliters. Single drop microextraction (SDME) and hollow-fiber protected 
liquid-phase microextraction (HF/LPME) are the two 
                                                                                                          
 11 
solvent-based microextraction, with each requires only several microliters of 
organic solvent.  
 
1.3.2.1 Single drop microextraction 
An early SDME system was developed by Liu and Dasgupta in 1996 [103]. In 
this system, a water-immiscible organic solvent (~1.3 µl) was suspended in a 
flowing larger aqueous drop to extract sodium dodecyl sulphate ion pairs. After a 
certain time extraction/preconcentration, the organic drop which was colored by 
the analyte was detected using a light-emitting diode-based absorbance detector. 
Almost at the same time, Jeannot and Cantwell developed another SDME system 
[104], where a small drop (8 µl) of organic solvent was attached at the end of a 
Teflon rod immersed in a stirred aqueous sample solution. After a prescribed 
extraction time, the Teflon rod was removed from the sample solution. The 
extraction organic drop was then sampled by a microsyringe and introduced to a 
GC for analysis. However, the use of a Teflon rod was found to be inconvenient 
as the extraction and injection are performed separately. Jeannot and Cantwell 
later developed a modified SDME technique. 1-µl organic drop was suspended at 
the tip of a microsyringe needle immersed in the stirred sample solution [105]. 
After extraction, the microdrop was withdrawn into the microsyringe and 
introduced to GC for analysis directly. The observed extraction kinetics of this 
technique is in good agreement with the proposed convective-diffusive mass 
transfer model in the aqueous Nernst diffusion film adjacent to the interface. The 
above methods developed by Jeannot and Cantwell can be classified as static 
SDME techniques.  
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 Later, dynamic SDME was developed by He and Lee [106] and in the same 
report, the term liquid-phase microextraction (LPME) was first introduced. In 
dynamic SDME, the sample solution was withdrawn into the microsyringe which 
contained 1 µl of extraction organic solvent. Extraction took place rapidly. The 
“spent” aqueous sample solution was then expelled and a fresh aliquot of sample 
was withdrawn into the syringe. This process was repeated several times. A thin 
organic film was formed on the wall of the microsyringe barrel and needle upon 
withdrawal of the sample solution. Extraction took place rapidly across the 
interface of this organic film and the sample plug. Compared to static SDME, 
dynamic SDME provides much higher enrichment factor within a much shorter 
extraction time. In recent years, another SDME approach, i.e. headspace single-
drop microextraction technique has also been developed and applied to the 
extraction of volatile compounds in environmental matrices [107-111].  
SDME techniques have proved to be simple and generally fast and have been 
widely applied to environmental and biological analysis [112-120]. However, the 
microdrop suspended at the end of the microsyringe needle is easily dislodged by 
strong stirring of the aqueous sample, especially when the sample matrix is very 
complex (or “dirty”).  
1.3.2.2 Hollow fiber-protected liquid-phase microextraction 
HF/LPME is another type of LPME. In this form of LPME, the hollow fiber 
is employed as an extraction medium support. The hollow fiber allows for a 
higher volume of extraction solvent to be held within its wall pores and channel. 
This facilitates mass transfer on a more stable platform than the same volume of 
solvent in a radical unprotected drop. In HF/LPME, the semi-permeable hollow 
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fiber prevents extraneous materials and particulates present in dirty matrices from 
going into the extraction phase. Thus, considerable sample “clean-up” can be 
achieved [121].  
HF/LPME is classified into two categories: three-phase, and two-phase 
HF/LPME. Both techniques can be applied as static microextraction mode (in 
which the extraction phase is stationary during the extraction) as well as dynamic 
microextraction mode (in which the extraction phase is agitated (or subject to 
movement) during the extraction).  
Static three-phase microextraction (liquid-liquid-liquid microextraction) 
was developed by Pedersen-Bjergaard and Rasmussen [122]. They were the first 
to introduce the use of hollow fiber in microextraction.  In their method, an 8-cm 
piece of a porous polypropylene hollow fiber was employed. First, the hollow 
fiber was immersed in an organic solvent (octanol) for 10 seconds so that the 
pores within the hollow fiber wall were filled with organic solvent. The hollow 
fiber was then immersed in the sample solution. The acceptor solution (0.1 M HCl) 
was introduced from end side of the hollow fiber into the channel of the hollow 
fiber by using a microsyringe. Methamphetamines were used as model 
compounds. By adding NaOH into the sample solution, the analytes were 
neutralized and then partitioned into the organic phase (octanol inside the wall 
pores of hollow fiber). Since the acceptor phase was an acidic solution, the 
methamphetamines were ionized by the acceptor solution and remained in this 
phase. After extraction, the extract was withdrawn by another microsyringe, and 
introduced into a CE system for analysis. This method gave high enrichment. In 
addition, sample “clean-up” was also effected.  
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Although the method developed by Pedersen-Bjergaard and Rasmussen 
gave good extraction results, the procedure of handling the acceptor phase was 
difficult to operate. Zhu and Lee et al [123] simplified this extraction device by 
employing only one microsyringe and a much shorter length (2 cm) of hollow 
fiber. The hollow fiber was attached to a microsyringe which was used to 
introduce the acceptor phase to the channel of the hollow fiber and to withdraw 
the extract after extraction. The other end of the hollow fiber was heat-sealed 
before use by pressing a heated plain of pliers against it. Nitrophenols were used 
as model compounds. After extraction, the extracts were introduced to HPLC for 
analysis.  
As an improvement upon Zhu et al’s static three-phase microextraction 
above, dynamic three-phase microextraction was subsequently introduced by Hou 
and Lee [124] in which a syringe pump was used to generate a renewable organic 
film and aqueous sample plug within the hollow fiber.  The results showed that 
this accelerated the mass transfer rate and that a high extraction efficiency could 
be achieved.  
In recent years, many studies of applications using three-phase 
microextraction coupled with   CE or reverse- phase HPLC have been reported. 
The method showed good extraction efficiency for extraction of acidic compounds 
[123, 125-128], basic compounds [124, 129-134] and some very polar compounds 
[135]. However, this method is generally not suitable for extracting non-ionizable 
hydrophobic compounds. 
Another type of hollow fiber-protected LPME method is two-phase LPME. 
Static two-phase LPME was developed by Rasmussen et al [136]. This method 
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used a similar extraction device (4-cm and 8-cm hollow fibers) as three-phase 
microextraction device developed by Pedersen-Bjergaard and Rasmussen [122]. 
Unlike three-phase microextraction, the acceptor phase inside the channel of 
hollow fiber was neither an acidic nor a basic solution but an organic solvent. 
Rasmussen used pesticides as target analytes. After extraction, the extracts were 
introduced to GC for analysis. Since organic solvent was used as extraction 
solvent, the method was compatible with normal-phase HPLC and GC. Shen and 
Lee [137] simplified the above method by employing a much shorter (1.3-cm) 
hollow fiber and only one microsyringe attached to one end of the fiber to extract 
triazines from a soil slurry sample. As less acceptor phase was exposed to the 
sample solution, higher enrichment factors were achieved. Subsequently, dynamic 
two-phase LPME using a syringe pump was developed by Hou and Lee [138]. It 
showed better extraction efficiency compared with static two-phase 
microextraction. Very recently, Jiang and Lee developed another two-phase 
LPME—solvent bar microextraction [139]. In this approach, organic solvent was 
in the channel of a hollow fiber with both sides sealed by pressing against a pair of 
heated pliers. The hollow fiber was introduced to a stirred sample solution such 
that it tumbled freely and randomly. It was found that this method gave higher 
mass transfer and better extraction efficiency as compared to both static and 
dynamic two-phase LPME.  
Two-phase microextraction has been employed in both environmental and 
biological analyses to determine hydrophobic compounds [136, 140-149] using 
GC. The results showed that the method provided high extraction selectivity and 
high enrichment factors. 
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However, when two-phase LPME is applied to the determination of 
hydrophilic or thermally labile compounds, additional derivatization procedure is 
required prior to the GC analysis. Both in-tube derivatization [150] and on-column 
derivatization [151] coupled with two-phase microextraction has been applied to 
environmental analysis. On-column derivatization is a simpler derivatization 
method as compared to in-tube derivatization. LPME combined with 
derivatization serves as a feasible technique to determine polar or thermally labile 
compounds in GC analysis. Basheer and Lee [151] used this technique to 
determine the concentration of alkylphenols in water samples.  
 
1.4 Objectives and scope of the study 
LPME provides a new alternative to conventional sample preparation 
methods. The main features of this method are its high selectivity, high 
enrichment factors, reduced organic solvent cost and simpler operation. 
Particularly, the use of short length of hollow fiber and only a sample 
microsyringe introduced by Lee and co-workers have made this HF/LPME a 
much convenient approach. LPME is still evolving. Further evaluation of its 
applicability in trace organic pollutants determination in environmental analysis is 
necessary. More applications of LPME coupled with on-column derivatization 
methods to determine hydrophilic or thermally labile compounds are needed.  
In most cases current LPME techniques still employ several microliters of 
organic solvents, which is not totally environmentally friendly. Therefore, 
organic-solvent free LPME (using water or more environmentally benign as 
extraction solvent) is worth further development and investigation. 
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 Hence, the objectives of this study are to extend the applicability of LPME 
and to develop these types of methodologies. 
Firstly, viable alternatives to existing sample preparation methods for the 
determination of other polar organic pollutants or thermally unstable compounds 
were investigated. Both static and dynamic modes of LPME were investigated. 
Static LPME coupled with on-column derivatization was applied to determine 
carbamate pesticides present in environmental aqueous samples. Dynamic LPME 
coupled with on-column derivatization was applied to determine pharmaceutically 
active compounds (PhACs) present in environmental aqueous samples.  
Secondly, two water-based liquid-phase microextraction techniques were 
developed. This opens a new prospective in the development of LPME techniques 
as the whole extraction process is totally organic solvent-free and thus 
environmentally friendlier. 
І. Headspace water-based LPME. In this method, water droplet was placed in 
the headspace of the sample matrix and served as the extraction phase. Phenols 
were used as model compounds. After extraction, the water droplet was 
introduced to a capillary electrophoresis system (CE) for analysis. The whole 
analytical procedure was totally organic solvent-free. 
ІІ. Hollow fiber-protected LPME via gaseous diffusion. Acceptor aqueous 
solution was placed inside the channel of a hollow fiber as the extraction solvent. 
There was no organic solvent immobilized inside the wall pores of the hollow 
fiber. Volatile analytes diffuse across the wall pores from the sample solution to 
the extraction solvent. 
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Lastly, ionic liquid-based LPME was developed. Ionic liquids, regarded as 
green solvents, were chosen as the extraction solvent. Organochlorine pesticides 
were used as model compounds. In this work, the extracting ionic liquids were 
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Chapter 2. Application of Liquid-phase Microextraction and On-
column Derivatization Combined with Gas Chromatography–Mass 
Spectrometry to the Determination of Carbamate Pesticides  
 
2.1 Introduction 
Carbamate pesticides, a class of highly effective commercial pesticides, are 
used worldwide against insects, fungi and weeds. They are increasingly used 
instead of organochlorine and organophosphorous pesticides due to their lower 
environmental persistence. However, since they are potential acetylcholinesterase 
inhibitors, carbamate pesticides are suspected carcinogens and mutagens [1]. Thus, 
the increasing use of carbamate pesticides poses a risk to aquatic systems and, 
further, is a potential hazard to the human environment. Carbamate pesticides 
have been on the priority blacklist released by the USEPA. 
Common techniques for determining carbamate pesticides include HPLC with 
UV detection [2-4], fluorescence detection [5-8] and MS detection [9-11]. GC–
MS is another powerful analytical tool for these analytes [12-14] as it provides 
good selectivity and sensitivity. Since carbamate pesticides are thermally labile 
compounds, direct GC analysis of carbamate pesticides often leads to their 
breakdown to the corresponding phenols and amines in the injection port or in the 
column during the analysis. Therefore, derivatization of carbamate is desirable 
before GC analysis. 
Different derivatization reactions including acetylation [15], silylation [16], 
alkylation [17, 18] and perfluorination [18] have been applied to carbamate 
analysis by GC. Among these techniques, on-column derivatization [19, 20] has a 
distinct advantage as a simple and rapid one-step derivatization approach. 
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Different sample preparation methods coupled with derivatization have been 
applied to the determination of carbamate pesticides, such as liquid–liquid 
extraction (LLE) [21, 22], solid-phase extraction (SPE) [13, 17] and supercritical 
fluid extraction (SFE) [17, 23]. LLE is a very tedious procedure, and use 
substantial amounts of toxic organic solvent. SPE is more moderate in organic 
solvent usage, but it is still in the milliliter range. SFE is a generally organic 
solvent-free sample preparation method, but it requires high purity supercritical 
fluids and a relatively expensive fluid delivery system. 
In the past few years, liquid-phase microextraction (LPME) has emerged as an 
organic solvent-minimized sample approach to sample preparation. Solvent 
requirements are in the microlitre range. Many reports have appeared that 
highlighted LPME as a simple, fast and effective extraction and preconcentration 
method [24, 25]. LPME has been applied to the determination of many organic 
compounds in various matrices [26-30]. 
In this research, the applicability of LPME to the determination of five 
carbamate pesticides, promecarb, propham, carbaryl, methiocarb and 
chlorpropham, in the aqueous sample was investigated. Organic solvent-based 
hollow fiber-protected LPME was coupled with on-column derivatization. This 
was achieved by withdrawing derivatization reagent into the microsyringe holding 
the final extract and injecting the mixture into the GC–MS system. Both LPME 
and on-column derivatization are one-step procedures, each using only several 
microliters of reagent. Parameters that affect the extraction efficiency (selection of 
organic solvent, extraction time) and derivatization efficiency (selection of 
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derivatization reagent, concentration of derivatization reagent) were investigated. 
The method was also applied to real water samples. 
2.2 Experimental 
2.2.1 Reagents, chemicals and materials 
HPLC-grade methanol, toluene, butyl acetate, and hexane were bought from 
J.T. Baker (Phillipsburg, NJ, USA). 1-Octanol (>99.5%) was obtained from 
Merck (Darmstadt, Germany). Deionized water was produced on a Nanopure 
(Barnstead, Dubuque, IA, USA) water purification system. 
Trimethylphenylammonium hydroxide (TMPAH) and trimethylsulfonium 
hydroxide (TMSH) are purchased from Sigma-Aldrich (St. Louis, MO, USA). The 
five carbamates studied were carbaryl (purity 99%), promecarb (purity 99%), 
methiocarb (purity 99%), propham (purity 99.5%) and chlorpropham (purity 
99.5%). They were purchased from ChemService (West Chester, PA, USA). The 
structures and physical properties of the tested carbamates are shown in Table 2-1. 
Stock solutions containing each compound (1000 µg/ml) were prepared in 
methanol and diluted with methanol to obtain working solutions at various 
concentrations. They were stored at 4 °C. Real environmental water samples were 
collected from a drain in a residential state in the north of Singapore. Tap water 
samples (directly potable) were collected from our laboratory in the Department 
of Chemistry, National University of Singapore. It was freshly collected after 












Table 2-1.  Chemical structure and physical properties of target analytesa 
 











































































































a Values taken from ref [31]. 
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The Accurel Q3/2 polypropylene hollow fiber membrane (600 µm i.d., 200 
µm wall thickness, 0.2 µm pore size) was purchased from Membrana GmbH 
(Wuppertal, Germany). The hollow fiber was ultrasonically cleaned in acetone 
and air dried. The fiber was then cut carefully into 1.3 cm lengths prior to use. 
2.2.2 Instrumentation 
All analyses were performed on a Hewlett-Packard (HP) (Palo-Alto, CA, USA) 
GC system model 6890 with a model 5973 MS detector. The GC system was 
fitted with a DB-5 column (30 m × 0.32 mm i.d., 0.25 µm film thickness) from 
J&W Scientific (Folsom, CA, USA). Helium was used as the carrier gas at a flow 
rate of 1.7 ml/min. The following temperature program was employed: initial 
temperature of 60 °C for 2 min; increased at 10 °C/min to 260 °C, held for 2 min. 
The injector temperature was 270 °C and all injections were made in the splitless 
mode. A mass range of m/z 50–500 was scanned to confirm the retention times of 
the analytes. To confirm pesticide ions tentatively identified by selected-ion 
monitoring (SIM), one characteristic fragment ion was monitored in addition to 
the molecular ion of each compound: m/z 164,149 (promecarb); 193,151 
(propham); 182,167 (methiocarb); 158,115 (carbaryl) and 227,185 (chlorpropham). 
The mass spectra of derivatives of the carbamate pesticides considered are shown 
in Fig. 2-1. The GC–MS interface temperature was set at 270 °C. The peak areas 
were calculated based on the respective molecular ions.  
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2.2.3 LPME with on-column transesterification 
A 10 µl microsyringe (SGE, Sydney, Australia) with a cone tip was used both 
for extraction and for injecting the extracts simultaneously with the derivatization 
reagent into the GC–MS. First, 2 µl organic solvent was withdrawn into the 
microsyringe. The needle tip was inserted into a 1.3 cm long hollow fiber. The 
hollow fiber was then immersed in the organic solvent for about 5 s to impregnate 
the pores of the hollow fiber with the organic solvent. The organic solvent in the 
syringe was then injected carefully into the hollow fiber. The hollow fiber was 
removed from the organic solvent and immersed in 4 ml of an aqueous sample for 
extraction. The sample was stirred at 104 rad/s (ca. 1000 rpm). After extraction, 
1 µl of the extract was carefully withdrawn into the microsyringe (while ensuring 
the absence of air bubbles). The used hollow fiber was then discarded. 
Immediately, 1 µl of the derivatization reagent was withdrawn into the 
microsyringe. The mixture of extract and the derivatization reagent was then 
injected directly into the GC–MS for analysis. 
2.3 Results and discussion 
2.3.1 Derivatization of carbamate pesticides 
The most often used on-column thermally-assisted hydrolysis and methylation 
reagents are TMPAH, TMSH and tetramethylammonium hydroxide (TMAH). The 
use of TMAH requires a very high hydrolysis temperature (normally between 360 
and 400 °C). In addition, sometimes TMAH gives rise to isomerisation and 
degradation reactions [32]. For these reasons, only TMPAH and TMSH were 
investigated in this work. The standard solution containing 100 µg/ml of each 
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analyte was injected with the derivatization reagent. As shown in Fig. 2-2, 
























Figure 2-2 Selection of derivatization reagent. 
 
TMPAH reacts with carbamate pesticides via two different routes [20]. N-
Arylcarbamates (e.g. propham) yield N-methyl-N-arylcarbamate products while 
N-methylcarbamates (e.g. promecarb) yield methyl substituted products 
(arylmethyl ether) rather than the anticipated N,N-dimethyl carbamates, that is,   
                  Route 1 (N-arylcarbamates ) :  
                      Ar-NH-CO-O-R ─> Ar-N(CH3)-CO-O-R 
                  Route 2 (N- methylcarbamates) :   
                       Ar-O-CO-NH-CH3 ─> Ar-O-CH3 
                                                                                                          
 36 
where Ar is aryl. 
Fig. 2-1 shows the mass spectra for derivatives of the carbamate pesticides. 
The ions to be monitored of the derivatives were chosen based on the selectivity 
and sensitivity with which they could be detected.  
A series of concentrations of TMPAH was applied to derivatize 100 µg/l of 
each analyte. The range of the TMPAH concentration investigated in this study 
was between 0.001 and 0.2 M. It can be seen from Fig. 2-3 that when [TMPAH] < 
0.05 M, the analytical signals decreased with the decrease of the concentration of 
the derivatization agent. Beyond 0.05 M, all the plots for individual carbamate 
flattened out. This indicates that higher concentration of derivatization agent is 
more favorable. Therefore, the commercially available TMPAH concentration of 







































Figure 2-3 Concentration of the derivatization reagent. 
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2.3.2 Selection of organic solvent 
As reported previously, the choice of organic solvent is important in LPME. 
Moreover, in the current method, not only does it determine extraction efficiency, 
but it also serves as the carrier for the subsequent derivatization procedure, with 
the consequence that on-column derivatization efficiency is at its most favorable. 
1−Octanol, toluene, butyl acetate and hexane were evaluated in this work. The 
results are shown in Fig. 2-4. It can be seen that 1−octanol gives the highest 
analytical signals. When hexane and toluene were used, bubble formation was 
observed; it is likely that this resulted in the low analytical signals observed. 
Bubble formation may be facilitated by their low boiling points and specific 
gravities. Butyl acetate also gives very low analytical signals. This may be 
attributed to the high miscibility of water and butyl acetate with the result that this 
inhibited the subsequent derivatization step. On the basis of the above results, 
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Figure 2-4 Effect of extraction solvent on extraction and derivatization. 












Figure 2-5 Extraction time profile of carbamate pesticides. 
 
2.3.3 Extraction time 
A series of extraction times was investigated to study the extraction process by 
extracting 50 µg/l of each analyte. As shown in Fig. 2-5, the analytical signals for 
promecarb, methiocarb and to a lesser extent, chlorpropham increased 
significantly with the increase of the extraction time, even up to 60 min.  For 
carbaryl and propham, the increase was more moderate after 30 min extraction. 
This may be attributed to the lower octanol─water coefficients (Table 2-1) of 
carbaryl (2.36) and propham (2.60) than those of the other three analytes (2.92-
3.51). The results indicate that the extraction for promecarb, methiocarb and 
chlorpropham does not attain equilibrium within 60 min. Therefore, in order to 
increase the sample preparation throughput, a compromised extraction time other 
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time 20 min which is a little shorter than the chromatographic analysis time was 
adopted. As long as this time was rigorously maintained for all experiments, 
analytical results were not compromised.  
 
2.3.4 Enrichment factors 
     Enrichment factors which are defined as the ratios between the final analytes 
concentrations in the acceptor phase and the initial concentrations of analytes 
within the sample were investigated. The following conditions were employed to 
investigate enrichment factors: 2 µl 1−octanol as extraction solvent, TMPAH as 
derivatization reagent, 104 rad/s stirring, and 20-min extraction time. As shown in 
Table 2-2, LPME combined with on-column derivatization provided high 
enrichment factors ranging from 37 to 144. 
2.3.5 Method evaluation 
The optimized conditions were employed to evaluate the procedure. Under 
these conditions, the reproducibility, linearity, and sensitivity of the current 
methods were measured. The results are shown in Table 2-2. The analysis of all 
carbamate pesticides exhibited good reproducibilities ranging from 4.86 to 7.81%. 
The good reproducibilities achieved may be attributed to the very simple and rapid 
extraction and derivatization procedure. The calibration curve was studied in the 
range of 1 to 400 µg/l. Very good coefficients of correlation (r) from 0.9963 to 
0.9999 were achieved.  
Limits of detection (LODs), defined at a signal-to-noise (S/N) of 3, ranged 
from 0.2 to 0.8 µg/l. Compared to EPA methods 531.1 and 632 (Table 2-2), the 
current method offers much better sensitivity. The detection limits achieved by the 
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proposed method are also better or comparable to other conventional extraction 
techniques (such as LLE and SPE) for these compounds [15-17]. The LODs 
achieved by the current method are also lower than those obtained by SPME-LC-
UV [33]. Very recently, in-tube SPME-LC-MS which employs a novel 
polypyrrole (PPY)-coated capillary was applied to the determination of carbamate 
pesticides. This method exhibited better sensitivity than the current method [11]. 
The current method has the advantage of not needing a special interface for the 
extraction device and the LC instrument and is thus much simpler to use and 
handle. Also, the new adsorbent is not widely accessible and is not currently 
generally available. The LODs achieved in the present work are in any case 
adequate for environmental analysis.  
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n.a.: not available 
*
 at the concentration of 10 µg/l of each pesticide. 
 





















method 632  
LODs 
Promecarb 124 6.39 1-400 0.9993 0.2 n.a. n.a. 
Propham 37 7.81 1-400 0.9963 0.8 n.a. 10 
Carbaryl 89 4.86 1-400 0.9999 0.2 2.0 0.4 
Methiocarb 144 6.24 1-400 0.9996 0.2 4.0 10 
Chlorpropham 83 7.30 1-400 0.9972 0.6 n.a. 2 
Recoveries of real samples (%) Analytes 
              Tap water                     drain water           
Promecarb 97 99 
Propham 121 128 
Carbaryl 92 105 
Methiocarb 99 102 
Chlorpropham 116 83 
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2.3.6 Tap water and drain water analysis 
The current method was applied to the determination of carbamate pesticides in 
the tap water and drain water. However, none of the target analytes were detected 
in both matrices (The Singapore Ministry of the Environment and Water 
Resources has also reported that its water quality monitoring programme has 
found no carbamate pesticides in its reservior and drinking water [34]). Therefore, 
the water samples were spiked with 10 µg/l of each pesticide and then extracted 
by the current method. The extracts were derivatized on-column as described, then 
analyzed by GC−MS−SIM. Fig. 2-6 shows a chromatogram of the five carbamate 
pesticides spiked into real water samples after extraction by the present approach. 
The relative recoveries are shown in Table 2-3. It can be seen that the relative 
recoveries, which are defined as the ratios of the GC peak areas of spiked real 
water extracts and the peak areas of spiked ultrapure water extracts, ranged from 
83.04% to 127.93%. This suggests that the matrix has little, if any, significant 
effect on the current method. The proposed method can be an effective sample 
preparation method for the determination of carbamate pesticides in real water 
sample matrices. 
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Figure 2-6  Total ion  chromatogram of five carbamate pesticides spiked into 
drain water samples, after microextraction. (1) promecarb, (2) propham, (3) 




For the first time, hollow fiber-protected LPME was combined with an on-
column derivatization technique was applied to the analysis of carbamate 
pesticides in water samples. High extraction efficiency was achieved. Compared 
to conventional sample preparation methods such as LLE, SPE, etc. the current 
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method provides better sensitivity. In addition, the current method has its distinct 
advantage of simplicity and much lower organic solvent consumption. The 
consumption of the derivatization reagent is in the range of microliter volumes, 
thus adhering to the environmentally-friendly principles that characterize LPME 
procedures. This method may also provide an alternative to the analysis of polar 
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Chapter 3. Application of Dynamic Liquid-phase Microextraction and 
On-column Derivatization Combined with Gas Chromatography–Mass 
Spectrometry to the Determination of Acidic Pharmaceutically Active 
Compounds in Water Samples 
 
3.1 Introduction 
In developed countries, thousands of tons of pharmaceuticals are used to treat 
illnesses. Due to such high usage, dozens of pharmaceutically active compounds 
(PhACs) have entered the aquatic environment, mainly through human wastes by 
excretion of unmetabolized parent compounds and metabolites [1]. Many of these 
compounds are not subjected to degradation in sewage treatment plants [1], and 
are then introduced to receiving waters. The increased reuse (by reclamation) of 
water resource has raised concerns about the potential risk of these compounds to 
human life. As such, trace analysis of PhACs in the aqueous environment has 
become an emerging issue for environmental and health authorities across the 
European Union (EU) and in North America. In the past decade, these compounds 
have been widely detected in different environmental water samples including 
sewage water, surface water, groundwater and even drinking water with 
concentrations up to the µg/l range [2-12]. 
Clofibric acid, ibuprofen, naproxen and ketoprofen are four common acidic 
PhACs. Clofibric acid is the active metabolite of several blood lipid regulators 
(clofibrat, etofibrat and etofyllinclofibrat). It was the first reported PhAC in the 
aquatic environment [13] and is still the most widely reported PhAC in different 
receiving waters around the world [5-7, 10, 11, 14-17]. Ibuprofen, naproxen and 
ketoprofen are anti-inflammatory drugs. They are among the most commonly 
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consumed over-the-counter drug preparations in the world and are also widely 
detected in various receiving waters [5-7, 9, 10, 12, 14-17]. SPE combined with 
HPLC/UV or LC/MS have been the primary methods for the analysis of these four 
acidic PhACs in aquatic samples [3, 11, 12, 15]. Due to its high resolution and 
high sensitivity, GC/MS has also been applied to the analysis of these compounds 
in water samples as an alternative of the generally more costly LC/MS which may 
also suffer from signal suppression by the sample matrix [18]. Sample preparation 
methods often employed in GC analysis of PhACs include SPE [16, 17, 19] and 
LLE [20]. However, the amount of organic solvent needed for SPE and LLE 
ranges from several to hundred of microliters, respectively, which is still 
considerable. In addition, LLE is time consuming and labor-intensive. Although 
automated SPE is available, it is expensive. 
In the past decade, microextraction techniques have set the trend of sample 
preparation methods in the environmental analysis. Both SPME and LPME have 
been applied to the analysis of PhACs in environmental and biological samples 
[21-24]. LPME combined with LC/MS has been applied to the analysis of PhACs 
in water samples [25]. Dynamic HF/LPME was developed by Zhao and Lee, in 
which a degree of automation (relating to the movement of the microsyringe 
plunger) was introduced to facilitate extraction by the organic solvent held within 
the channel of a hollow fiber membrane [26]. The results show that this mode of 
LPME exhibited higher sample enrichment factors than static LPME [26, 27]. 
However, there has been no report on the combination of LPME and GC/MS for 
the analysis of PhACs in water samples.  
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In the present study, dynamic HF/LPME was used with GC/MS to determine 
PhACs in water samples. On-column methylation using Trimethylanilinium 
hydroxide (TMPAH) was applied following dynamic HF/LPME. 
 
3.2 Experimental 
3.2.1 Reagents, chemicals and materials 
1-Octanol (>99.5%) was purchased from Merck. Deionized water was 
produced on a Nanopure water purification system. TMPAH is purchased from 
Sigma-Aldrich. The four PhACs studied were clofibric acid (purity 99%), 
naproxen (purity 99%), ibuprofen (purity 99%) and ketoprofen (purity 99%). They 
were purchased from Sigma-Aldrich. The structures and physical properties of the 
tested PhACs are shown in Table 3-1. Stock solutions containing each compound 
(1000 µg/ml) were prepared in methanol and diluted with methanol to obtain 
working solutions at various concentrations. They were stored at 4 °C. Real 
environmental water samples were collected from a drain at a hospital. Directly 
potable tap water samples were collected from a laboratory after being allowed the 
water to flow for about 3–4 min. 
The Accurel Q3/2 polypropylene hollow fiber membrane (600 µm i.d., 200 
µm wall thickness, 0.2 µm pore size) was purchased from Membrana GmbH 
(Wuppertal, Germany). The hollow fiber was ultrasonically cleaned in acetone 
and air dried. The fiber was then cut carefully into 1.3 cm lengths prior to use. 
3.2.2 Instrumentation 
All analyses were performed on the same GC-MS system and column 
described earlier in Chapter 2. Flow rate of the carrier helium gas, temperature 
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program and injector temperature are the same as those described earlier in 
Chapter 2. MAH methylation of the four target drugs (which are all carboxylic 
acids) provided methyl esters, leading to a shift of 14 amu for the heaviest ion 
(adding to –CH2 to the carboxylic acid), which could be identified in Fig. 3-1.To 
confirm drug ions tentatively identified by selected-ion monitoring (SIM), two 
characteristic ions of each compound were monitored: m/z 128,169 (clofibric 
acid); 161,220 (ibuprofen); 185,244 (naproxen); 209,268 (ketoprofen). The former 
ion was used for quantification. The mass spectra for derivatives of the PhACs are 
shown in Fig. 3-1.  
The GC−MS interface temperature was set at 270 °C. The peak areas were 
calculated based on the respective molecular ions.   
A Harvard Apparatus (Holliston, MA) PHD 2000 programmable syringe 
pump was used to withdraw and discharge the extraction solvent into the hollow 
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Table 3-1.  Chemical structures and physical properties of target analytesa 
 
 
Analyte Structure CAS 
number 























































































 Values taken from ref [28].  
b CAS (Chemical Abstracts Service registry) is a numeric identifier. 
n.a.: not available 
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Figure 3-1 Mass spectra of derivatives of the carbamate pesticides. 
 
3.2.3 Dynamic LPME with on-column derivatization 
A 10 µl microsyringe (SGE, Sydney, Australia) with a cone tip was used both 
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into the GC–MS. First, 2 µl of organic solvent was withdrawn into the 
microsyringe. The needle tip was inserted partially into a 1.3-cm long hollow fiber. 
(Prior to use, the segments were sonicated in HPLC-grade acetone for 10 min to 
remove any contaminants in the fiber. They were then dried in air.) The hollow 
fiber-syringe assembly was immersed in the organic solvent for about 5 s to 
impregnate the pores of the hollow fiber with the solvent. The solvent in the 
syringe was then injected carefully into the hollow fiber. The microsyringe was 
then placed in the groove of the syringe pump (placed vertically) and the syringe-
hollow fiber assembly was immersed in the aqueous sample. The sample was 
stirred at 104 rad/s. 0.001M HCl and 2.5% NaCl were added to the sample 
solution to enhance the extraction efficiency. The syringe pump was programmed 
thus: phase (1) withdraw process, the pumping speed (e.g. 20 µl/min) and 
sampling volume (e.g. 2 µl) were set; phase (2) pause pumping, dwell time 1 (e.g. 
5 s) was set; phase (3) infuse process, the pumping speed (e.g. 20 µl/min) and 
infusion volume (e.g. 2 µl) were set; phase (4) pause pumping, dwell time (e.g. 5 s) 
was set; phase (5), repeat phases (1) to (4). After a certain time, the syringe pump 
was manually stopped. 1 µl of the extract was then carefully withdrawn into the 
microsyringe (while ensuring the absence of air bubbles).  The used hollow fiber 
was then discarded. Immediately, 1 µl of the derivatization reagent was withdrawn 
into the microsyringe. The extract and the derivatization reagent were injected 
directly into the GC–MS for analysis. 
 
3.3 Results and discussion 
3.3.1 Optimization of dynamic LPME 
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3.3.1.1 Effect of extraction solvent 
The choice of organic solvent is very important in dynamic LPME. The 
organic solvent used determines the partition coefficient between the extraction 
phase and donor phase and is also responsible for the thickness of the extraction 
film in dynamic LPME, both of which affect the extraction efficiency significantly. 
In addition, the extraction organic solvent also serves as the carrier for the 
subsequent derivatization procedure, with the consequence that on-column 
derivatization efficiency is at its most favorable. 1−Octanol, toluene, butyl acetate 
and hexane were evaluated in this work. The results are shown in Fig. 3-2. It can 
be seen that 1−octanol gives the highest analytical signals for the four drugs and 





















clofibric acid ibuprofen naproxen ketoprofen
 
Figure 3-2 Effect of extraction solvent. 
 
3.3.1.2 Effect of volume of extraction solvent 
The extraction solvent volume was also investigated for optimization of the 
method. The results are shown in Fig. 3-3. It can be seen that 2 µl of 1-octanol 
was superior to 1 µl. There are several possible reasons. First, when 2 µl 1-octanol 
was applied, a longer hollow fiber (1.3 cm) was required. Thus, the interfacial 
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area between the donor phase and acceptor was increased. This helps to increase 
the mass transfer rate and thus the concentration of extracts. Second, when the 
extraction solvent was withdrawn into the microsyringe, dilution always occurs 
due to the existence of a small but finite volume of organic solvent contained in 
the tip of the microsyringe. Since a larger volume of extraction solvent is less 
likely to be affected by the dilution, this leads to a higher final concentration in the 
extract. On the other hand, it can also be seen that when the volume of extraction 
solvent was more than 2 µl, the analytical signals decreased. The reason may lie in 
the fact that a smaller volume of extraction phase accounts for higher enrichment 
factor, which is related to the final concentration in the extraction phase [29]. 
With a larger volume, the enrichment factor is lower. Based on the above results, 
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Figure 3-3 Effect of volume of extraction solvent. 
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3.3.1.3 Effect of stirring of the sample solution 
Since agitation of the sample permits the continuous exposure of extraction 
surface to fresh aqueous sample, the extraction efficiency could be enhanced by 
employing fast agitation in the donor phase.  As seen from Fig. 3-4, agitation 
improves dynamic LPME extraction efficiency dramatically. However, with 
extraction at 130 rad/s stirring, excessive air bubbles were generated. These 
adhered to the hollow fiber surface leading to poorer extraction precision. 
Therefore, the lower stirring rate 104 rad/s was selected on the basis of these 




















clofibric acid ibuprofen naproxen ketoprofen
 
Figure 3-4 Effect of stirring in the sample solution. 
 
3.3.1.4 Plunger movement 
The extraction efficiency of dynamic LPME greatly depends on movement of 
the plunger [26, 27]. In this study, different plunger withdrawal rates varying from 
1.45 to 9.84 ml/min were investigated to determine their effects on extraction 
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efficiency. The results are shown in Fig. 3-5. It was found that the extraction 
efficiency was relatively low when the plunger movement rate was set below 1.5 
ml/min. This may be because when the plunger withdrawn rate was decreased, the 
time required for withdrawing the extraction solvent and expelling it was 
correspondingly increased. This leads to fewer extraction cycles over a given 
period of extraction time. According to a previous report of dynamic LPME [29], 
fewer extraction cycles led to lower enrichment factors. However, it can be seen 
that when the plunger withdrawal rate was set higher than 4.34 ml/min, the 
analytical signals did not change significantly with the increase of the plunger 
withdrawal rate. This may be attributed to the thicker organic film generated by a 
higher plunger withdrawal rate according to an equation provided by [30,31]. A 
thicker and thus larger volume of organic film leads to the reduction of the mass 
transfer rate [32]. It is possible that the effect of a thicker film generated by higher 
plunger rate was offset by the effect of more extraction cycles caused by the 
higher rate of plunger movement. Therefore, the analytical signals did not increase 
or decrease significantly when the plunger rate was set beyond 4.34 ml/min.  
However, it was found that for the compound giving the lowest peak area, 
ketoprofen (see Fig 3-5), the highest plunger movement rate (9.84 ml/min) that 
could be achieved by the syringe pump gave the highest analytical signal. Thus, 
the rate of 9.84 ml/min was chosen in the subsequent experiments in order to 
increase the analytical signal of ketoprofen.  
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Figure 3-5 Effect of pumping rate. 
 
Dwell time in plunger movement phases (1) and (2) is another factor that 
affects the extraction efficiency. Dwell times varying from 2 s to 10 s were 
investigated. The results are shown in Fig. 3-6. An 8 s dwelling time in phase (1) 
and 10 s in phase (2) were applied for the subsequent experiments, because these 
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Figure 3-6 Effect of dwell time. (a) Dwell time in pumping programmed phase 
2; (b) Dwell time in pumping programmed phase 4. 
 
3.3.1.5 Extraction time 
A series of extraction times was investigated to study the extraction process. 
The experiments were carried out on sample solutions containing 10 µg/l of each 
analyte. As shown in Fig. 3-7, the analytical signals for naproxen, ibuprofen, and 
to a lesser extent, ketoprofen, increased significantly with the increase of the 
extraction time even up to 60 min.  For clofibric acid, the increase was more 
moderate after 30 min extraction. This may be attributed to the lower 
octanol─water coefficient (Table 3-1) of the clofibric acid (2.57) than that of the 
other three analytes (3.12-3.97). The results indicate that extraction for naproxen, 
ibuprofen and ketoprofen did not attain equilibrium in 60 min. Therefore, in order 
to increase the sample preparation throughput, a compromised extraction time 
other than equilibrium time was chosen as the optimal extraction time. An 
extraction time 20 min which is a little shorter than the chromatographic analysis 
time was adopted. Previous studies have shown that non-equilibrium LPME gave 
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Figure 3-7 Extraction time profile. 
 
3.3.2 Enrichment factors 
     Enrichment factors which are defined as the ratios of the final analyte 
concentrations in the acceptor phase and the initial concentrations of analytes 
within the sample were assessed. The following conditions were employed to 
investigate enrichment factors: 2 µl 1−octanol as extraction solvent, TMPAH as 
derivatization reagent, 104 rad/s stirring rate, and 20-min extraction time. As 
shown in Table 3-2, LPME combined with on-column derivatization provided 
high enrichment factors ranging from 130 to 251. To compare dynamic LPME 
with static LPME, the experiments were performed under the above conditions for 
both modes (except for the movement of the microsyringe: for static LPME, the 
syringe was not involved; for dynamic LPME, the syringe was moved under 
optimal parameters as mentioned previously). The results are shown in Table 3-2. 
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It can be seen that dynamic LPME provides much higher enrichment factors 
compared to static LPME.  
 
3.3.3 Method evaluation 
The optimized conditions were employed to evaluate the procedure. Under 
these conditions, the reproducibility, linearity, and sensitivity of the current 
methods were measured. The results are shown in Table 3-2. The analysis of all 
PhACs exhibited good reproducibilities ranging from 3.26 to 10.61%. The good 
reproducibilities achieved may be attributed to the very simple and rapid 
extraction and derivatization procedure afforded by the current method. The 
calibration curve was studied in the range of 0.2 to 50 µg/l. Good coefficients of 
correlation (r) from 0.9962 to 0.9995 were achieved.  
LODs, defined at a signal-to-noise ratio of 3 (S/N=3), ranged from 0.01 to 
0.05 µg/l. Compared to LODs obtained by SPME-GC-MS [23, 24], the current 
method provides better sensitivity. The LODs achieved in the present work are in 
the range of concentrations reported for these acidic PhACs in receiving water [5-
7, 14-16] are thus adequate for environmental analysis.  
 
3.3.4 Tap water and wastewater analysis 
The current method was applied to the determination of PhACs in the tap 
water. However, none of the target analytes were detected. Therefore, the water 
samples were spiked with 10 µg/l of each drug and then extracted. The extracts 
were derivatized on-column as described, then analyzed by GC−MS−SIM. Fig. 3-
8 shows a chromatogram of the four PhACs spiked into real-world water samples 
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after extraction by the present approach. The method was also applied to 
determine PhACs in wastewater from a hospital drain. All four target PhACs were 
detected. The results are shown in Table 3-3. The relative recoveries for the real 
samples are shown in Table 3-3. It can be seen that the relative recoveries, which 
are defined as the ratios of the GC peak areas of spiked real water extracts and the 
peak areas of spiked ultrapure water extracts, ranged from 97.3% to 105.5%. This 
suggests that the matrix has little, if any, significant effect on the current method. 
The proposed method can be an effective sample preparation method for the 
determination of PhACs in real water sample matrices.  
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clofibric acid 8.64 0.2~50 0.9967 0.02 151 96 
ibuprofen 4.96 0.2~50 0.9962 0.01 130 75 
naproxen 3.26 0.2~50 0.9995 0.01 161 100 
ketoprofen 10.61 0.2~50 0.9982 0.05 251 154 
Relative recoveries of real 
samples (%) 
Analytes Concentrations in 
hospital wastewater 
(µg/l) 
      tap water           drain water          
clofibric acid 0.77  105.5 97.6 
ibuprofen 0.21 101.5 97.3 
naproxen 0.26 103.3 98.2 
ketoprofen 0.48 105.2 96.9 





Figure 3-8 Mass chromatograms of five carbamate pesticides spiked into drain 
water samples after extraction by the proposed method. 1) clofibric acid; 
2) ibuprofen; 3) naproxen; 4) ketoprofen.   
 
3.4 Summary 
Dynamic hollow fiber-protected LPME, combined with an on-column 
derivatization technique was applied to the analysis of PhACs (clofibric acid, 
ibuprofen, naproxen and ketoprofen) in water samples. High extraction efficiency 
and enrichment factors were achieved. Compared to conventional sample 
preparation methods such as LLE, SPE, etc. the current method provides better 
sensitivity. In addition, the current method has its distinct advantage, simplicity 
and much lower organic solvent consumption and derivatization reagent 
(microliter range), making it an environmentally-friendly approach.  
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Chapter 4. Headspace Water-based Liquid-phase Microextraction  
 
4.1 Introduction 
In the past few years, several novel microextraction techniques such SDME or 
LPME have been developed and applied to environmental and biological analysis 
[1]. Very recently, some reports on headspace LPME and headspace SDME have 
been reported [2-4]. In the latter technique, a drop of organic solvent suspended at 
the tip of a microsyringe is placed in the headspace of the sample solution to 
extract volatile analytes. Headspace LPME and SDME have similar capabilities in 
terms of precision and speed of analysis compared to headspace SPME [5,6].  
In this chapter, a novel headspace microextraction technique termed as 
headspace water-based liquid-phase microextraction (WB/LPME) is reported. 
Unlike conventional headspace LPME, water, instead of a high-boiling point 
organic solvent, is used as the extracting solvent to extract volatile or semivolatile 
ionizable compounds. In this preliminary study, phenols are used as model 
compounds. After extraction, the extracts are introduced into a CE system for 
analysis. Parameters affecting the extraction efficiency (temperature, 
concentration of sodium hydroxide in the acceptor phase and extraction time) are 
investigated. Under the optimal extraction conditions, high enrichment factors can 
be achieved. In addition, this new technique is evaluated for quantitative analysis, 
and application to drain water analysis is illustrated. By combining CE with this 
newly developed extraction technique, the entire analytical process is totally 
organic solvent-free and is thus truly environmentally friendly.  
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4.2 Experimental 
4.2.1 Reagents  
Sodium hydroxide, sodium borate and sodium chloride were purchased from 
Merck. 2,4-Dimethylphenol (2,4-DMP ), 2,4,6-trimethylphenol (2,4,6-TMP), 2,4-
dichlorophenol (2,4-DCP), 2-chlorophenol (2-CP) and 2-nitrophenol (2-NP)  were 
supplied by Fluka. Their physical properties are shown in Table 4-1. The water 
used was purified on a Barnstead Nanopure water purification system. 
4.2.2 Apparatus 
All experiments were performed on a HP-3D CE system equipped with a 
diode array detection (DAD) system. Wavelengths in the range of 190 nm - 400 
nm were scanned for the detection of phenols and 200 nm was chosen for 
subsequent experiments. Data were collected and processed with HP Chem 
Station software.   
 
 
Table 4-1 Physical properties of target phenols a 
Analytes pKa Log Kow Henry’s law constant 
(Pa-m3/mol) 
2,4-DMP 10.61 2.30 0.20 
2,4,6-TCP 5.99 3.69 0.79 
2,4-DCP 7.89 3.06 0.32 
2-CP 8.56 2.15 39.5 
2-NP 7.23 1.79 1.29 
a
 Values taken from ref. [7]. 
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A 56.5-cm (effective length 48 cm) × 50-µm I.D. bare fused-silica capillary 
tubing (Polymicro Technologies, Phoenix, AZ, USA) was used for CE. The 
electrolyte was 10 mM sodium borate adjusted to pH 9.0 with concentrated 
sodium hydroxide. The voltage during separations was 15 kV. Samples were 
injected by pressure (5×103 Pa). Injection time was 3 s. 
 Sample solutions were held in 20-ml flat-bottomed headspace vials. The vial 
caps had Teflon-lined septa. A magnetic stirrer (Heidolph, Kelheim, Germany, 
Model MR 3001k) and stirrer bar were used to agitate aqueous sample solutions at 
different stirring speeds.  
A microsyringe with a 22o bevel-tipped point (Model MS-GF10, ITO Corp., 
Fuji, Japan) was used for headspace WB/LPME. Syringes with other point styles 
(cone and blunt tips) were also used but found to be unsuitable for the present 
work. 
 4.2.3 Headspace water based liquid phase microextraction 
The experimental setup of headspace WB/LPME is illustrated in Fig.  4-1. 
Extraction is carried out as follows: A 10-ml sample solution to which 1 ml of 1 
M HNO3 solution added was placed in a headspace vial. Sodium chloride was also 
added to the sample solution such that its concentration in the sample solution is 
10%.  The sample vial was preheated with a water bath for 15 minutes. A 5-µl 
aliquot of sodium hydroxide (at a concentration of 1 M) is withdrawn into the 
microsyringe. The microsyringe needle was then inserted into the headspace after 
piecing the vial septum, and was suspended over the sample solution in a fixed 
position relative to the headspace vial. The plunger was depressed such that 5-µl 
of the sodium hydroxide solution was suspended from the tip of the syringe needle. 
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After extraction, the drop was retracted into the syringe. The syringe needle was 
removed from the sample vial, and the extract was introduced to a CE vial for 
subsequent analysis directly or after dilution (when the concentration of acceptor 










                    
 
Figure 4-1. Schematic of headspace WB/LPME. 
   
4.3 Results and discussion 
4.3.1 Theory of headspace water-based liquid phase microextraction 
There are three phases involved in the extraction process: sample matrix, 
headspace and aqueous microdrop acceptor phase. First, the analyte is extracted 
from the matrix (sample solution) into the headspace. Then, the analyte is re-
extracted into the sodium hydroxide microdrop suspended from the tip of the 
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microsyringe needle. At equilibrium, the mass-balance relationship for the 
analytes is given by 
                      gghhwwwo VCVCVCVC ++=                                                            (1)                                      
where Co is the original concentration of analytes in the aqueous sample. Cw, Ch, 
and Ca are the equilibrium concentrations of analytes in the sample solution, 
headspace, and microdrop acceptor phase, respectively. Vs, Vh, and Va are their 
corresponding volumes. The distribution of analytes between the three phases is 
defined by: 





K =                                                                                      (2) 





K =                                                                                      (3) 





K ==                                                                         (4) 
where Khw is the headspace-water distribution constant of the analyte, Kah is the 
sodium hydroxide microdrop acceptor phase-headspace distribution constant, K is 
the overall acceptor phase-sample solution (donor phase) distribution constant.  
In the present study, upon extraction into the sodium hydroxide microdrop, 
phenols are ionized. For an analyte HA, it is ionized in the sodium hydroxide 
acceptor phase to A. The concentration of HA in the acceptor phase is given by:  




=                                                                            (5) 
Where [HA], [A] and [H+] are the concentrations of HA, A and H+ in the 
acceptor phase respectively, Ka is the ionization constant of the analyte. It is noted 
that: 
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 Equation (3) can be rewritten as  








ah                                                                  (7) 
Assuming all the analytes exist in the sample solution as HA, equation (4) can be 
rewritten as 
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==                                            (10) 
In our case, the enrichment factor of headspace WB/ LPME is given by  





E =                                                                   (11) 
where A1 and A2 are the analyte peak areas after extraction and before extraction, 
respectively.  
The dynamic process of headspace microextraction based on a steady-state mass 
transfer is described by [9] 
0n(-at)]  exp-[1 n =                                                               (12) 
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Here, n is the amount of analyte extracted by the acceptor phase, 0n  is the amount 
of analyte extracted at the equilibrium, t is the extraction time, a is extraction rate. 









2                                     (13) 
aaVCn =0                                                                (14) 
Here, ma is the mass transfer coefficient of the analyte in the acceptor phase, A is 
the surface area of the acceptor phase, k is the evaporation rate of analyte from 
sample phase to the headspace. Since most analytes have relatively small Khw 









KVC =≈ 0                                                                   (15) 









E ==                                                                  (16) 
4.3.2 Syringe tip configuration and stability of the extraction system  
The microdrop can be completely retained on the tip of the syringe due to the 
interaction of the microdrop and the tip of the syringe. The configuration of the 
microsyringe is very important to achieve this. Three types of microsyringes each 
with a cone tip, bevel tip and blunt tip were examined with 5 µl extraction phase 
in this present study. For the microsyringe with blunt tip and cone tip, the drop 
tends to drift away from the tip orifice. Thus, the drop cannot be retracted into the 
syringe barrel after about a 30-min extraction at elevated temperature (55 ºC). Due 
to the higher surface area afforded by the bevel tip needle, this microsyringe type 
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gives the best stability for our headspace WB/LPME system. The microsyringe 
with bevel tip can hold the microdrop remaining on its entrance at 55 ºC for more 
than 1 hour in our extraction system. However, it was found that even using the 
syringe with the bevel tip, the sodium hydroxide microdrop became unstable and 
tended to detach from the needle tip when extraction temperature was set at 65 ºC 
or higher within 30 min extraction.    
4.3.3 Effect of temperature  
The total extraction efficiency, which is a compromise between the mass 
transfer of the analyte from the sample solution to the headspace and then from 
the headspace to the acceptor phase, is temperature-dependent.   
A series of sample solution temperatures was investigated by extracting 4 
µg/ml of each analyte at 104 rad/s stirring speed for 15 min to determine their 
effect on extraction. By increasing the temperature of the sample solution, the 
headspace-water distribution constant of the analytes Khw as well as the 
evaporation rate k are increased while the sodium hydroxide microdrop acceptor 
phase-headspace distribution constant Kah is decreased. According to equation 13, 
these lead to a higher extraction rate a. Thus, as seen from Fig. 4-2, the amount 
extracted of all the analytes except for 2,4-DMP increased with the increase of the 
extraction temperature. Based on equation 12, while the amount extracted by the 
acceptor phase is decided by the extraction rate (kinetic effect), it is also decided 
by the equilibrium concentrations of the analytes in the acceptor phase 
(equilibrium effect). According to equation 8, a relatively high value of K was 
achieved for most analytes except 2,4-DMP given the high pH of the acceptor 
phase under the current experiment conditions. Thus, as far as the equilibrium 
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concentrations in the acceptor phase were concerned, for most analytes, equation 
15 is applicable, and for 2,4-DMP, equation 9 applies. Thus, it can be seen that 
increasing the temperature did not have much effect on the equilibrium 
concentrations of most analytes, whereas for 2,4-DMP, the equilibrium 
concentration was decreased at the elevated temperature due to the increased Khw. 
This explains why the amount of 2,4-DMP extracted decreased when the 
extraction temperature was set higher than 55°C.  
4.3.4 Effect of stirring rate 
Agitation of the sample solution has been used universally to improve 
microextraction efficiency (either direct or headspace microextraction) [10]. 
Stirring the sample solution can increase convection thus speeding up mass 
transfer in the sample solution. In addition, it can be expected that this can 
regenerate a new sample solution surface thus accelerating the mass transfer from 
the donor phase to the headspace. This thus leads to an enhancement of the 
evaporation rate k. In this study, different stirring rates were investigated by 
extracting 4 µg/ml of each analyte at 55°C for 15 min. However, it was found that 
the amount of analytes extracted did not change significantly when the stirring 
rate was increased from 31 rad/s to 104 rad/s. Hence, it can be concluded that the 
stirring effect on the enhancement of the evaporation rate of the analyte was 
insignificant at the elevated temperature. It can be deduced that mass transfer 
within the sample solution is not the rate-limiting step in headspace WB/LPME. 
 


























Figure 4-2. Effect of temperature. Extraction conditions: stirring rate, 104 rad/s; 
concentration of sodium hydroxide, 1M; extraction time, 15 min; sample 
concentration, 4 µg/ml of each analyte. 
 
4.3.5 Effect of the concentration of the sodium hydroxide 
The pH of the acceptor phase is very important in headspace WB/LPME. The 
undissociated analytes in the headspace dissolve in the sodium hydroxide solution 
and are ionized. A series of concentrations of the sodium hydroxide in the 
accepter phase was investigated by extracting 4 µg/ml of each analyte at 104 rad/s 
stirring speed at 55°C.  According to equation 8, increasing the pH in the acceptor 
phase leads to a higher overall distribution coefficient K. In addition, increasing 
the pH in the acceptor phase hastens the ionization of the analytes, thus enhancing 
the mass transfer coefficient of the analyte in the acceptor phase. Thus, based on 
equations 9 and 13, the higher equilibrium concentration in the acceptor phase and 
a higher extraction rate are achieved by increased concentration of the sodium 
hydroxide in the acceptor phase. Hence, according to equation 12, more analytes 
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are extracted in a certain time when the concentration of the sodium hydroxide in 
the acceptor phase is increased. As seen from Fig. 4-3, the peak areas of all the 
analytes increased with the increase of the concentration of sodium hydroxide, 
which is as expected. It can also be seen that when the concentration of sodium 
hydroxide >1M, further increase in its concentration did not enhance the mass 
transfer rate significantly for the analytes, except 2,4 DMP. The reason for the 
observation probably lies in that when the pH is high enough, further increasing 
the concentration of sodium hydroxide did not increase significantly the ionization 
of most of the analytes (whose pKa range from 5.99 to 8.56). In addition, 
according to equations 12 and 15, the equilibrium concentrations of these four 
analytes in the acceptor phase (which is proportional to the amount of analytes 
extracted) did not change significantly due to their high K values. As for 2,4-DMP, 
the analytical signal continued to increase when the concentration of sodium 
hydroxide was increased beyond 1 M. Due to its high pKa value (10.61), further 
increasing the concentration helped speed up ionization. In addition, because of 
the relatively small K value of this analyte, equation 9 was used to calculate its 
equilibrium concentration in the acceptor phase. According to this equation, the 
equilibrium concentration in the acceptor phase continued to increase due to the 
enhanced K. This leads to more analytes being extracted in a certain time, based 
on equation 12.  
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Figure 4-3. Effect of the concentration of sodium hydroxide on extraction 
efficiency. Extraction conditions: temperature, 55°C; stirring rate, 104 rad/s; 
extraction time, 15 min; sample concentration, 4 µg/ml of each analyte. 
 
4.3.6 Extraction time profile 
A series of extraction times was investigated by extracting 4 µg/ml of each analyte 
at 104 rad/s stirring speed at 55°C.  As in the headspace SPME of phenols [11, 12], 
which takes considerable time before reaching equilibrium, it can be seen from 
Fig. 4-4 that, except for 2,4-DMP, all the analytes have not attained equilibrium 
after 30 min of extraction. In theory, for most analytes except for 2,4-DMP, by 
comparing the concentrations of the extracts in the acceptor phase with the 
equilibrium concentration in the acceptor phase (calculated from equation 15), it 
can be found that the extraction does not attain equilibrium (<50%) within 30 min 
extraction. In contrast, for 2,4-DMP, due to its relatively small K value, equation 9 
is applied to calculate the equilibrium concentration in the acceptor phase. 
However, accurate Khw is not available at the elevated temperature with the 
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addition of acid and salt in the sample solution. Thus it is difficult to surmise 
whether extraction of 2,4-DMP achieves equilibrium within 30 min, although the 
observed results suggest that it does (plot of 2,4-DMP in Fig. 4-4). However, over 
a prolonged extraction time, the extraction microdrop becomes unstable and is 
detached from the needle. In our case, as discussed for headspace SPME [9,13], 
quantitative analysis in headspace WB/LPME is nevertheless feasible without the 
need for attainment of equilibrium if accurate extraction conditions are kept 
consistent. In the present study, when the extraction time was set at 15 minutes, 
satisfactory extraction efficiency was achieved even though most of the analytes 
had not reached equilibrium by this time. In the interest of a reasonable total 
analysis time, 15 min of extraction time was adopted. When combined with the 



























Figure 4-4. Extraction profile of headspace WB/LPME. Extraction conditions: 
temperature, 55°C; stirring rate, 104 rad/s; concentration of sodium hydroxide, 
1M; extraction time, 15 min; sample concentration, 4 µg/ml of each analyte.  
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4.3.7 Method evaluation 
To investigate the linearity of headspace WB/LPME, standard solutions (all 
the phenols at concentrations of 0.05 to 5 µg/ml) were prepared in ultrapure water. 
All the analytes except for 2,4-DMP exhibited good linearity with squared 
regression coefficients (r2) > 0.9907. 2,4-DMP exhibited slightly lower but still 
acceptable linearity with squared regression coefficient of 0.9781. The enrichment 
factors achieved by headspace WB/LPME range from 106 to 528. To estimate the 
limits of detection, the calibration standard solutions were extracted for 15 
minutes. The detection limits (at S/N= 3) obtained ranged from 0.001 to 0.003 
µg/ml.  Another attractive nature of the procedure is that the extract is amenable to 
CE analysis.  CE is a powerful analytical technique due to its high separation 
efficiency, high speed of analysis, low sample consumption and less running cost.  
However, its applicability to environmental analysis is hampered by its low 
detection sensitivity [14]. It was reported that using CE with UV detection for the 
analysis of phenols, the detection limits range from 0.1 to 0.25 µg/ml [15]. In 
contrast, by using the current extraction procedure, the limit of detection could be 
low enough for practical phenol determination. If a more sensitive detection 
system such as mass spectrometry is combined with CE, the current method may 
also be applied to phenol analysis in drinking water (regulated limits, 0.1 µg/l per 
phenol). The repeatability study was performed by extracting an aqueous sample 
spiked at 4 µg/ml of each compound (seven replicates). The relative standard 
deviations (RSDs) were calculated to be from 3.45% to 7.71%, as seen table 
below.  





Table 4-2 Performance of headspace WB/LPMEa 








RSDs for spiked drain 
water sample (%) 
2,4-DMP 6.45% 0.05-5 0.003 106 99% 8.81% 
2,4,6-TCP 7.71% 0.05-5 0.003 176 87% 10.65% 
2,4-DCP 6.15% 0.05-5 0.002 497 97% 5.19% 
2-CP 4.19% 0.05-5 0.002 528 87% 5.23% 
2-NP 3.45% 0.05-5 0.001 152 94% 3.55% 
a
 Enrichment factor (E) was calculated under these extraction conditions: 
temperature, 55°C; stirring rate, 104 rad/s; concentration of sodium hydroxide, 
1M; extraction time, 15 min; sampling vial volume, 20 ml; microdrop acceptor 
phase volume, 5 µl; sample solution volume, 11 ml. 
b Determined at the concentration of  0.4 µg/ml of each phenol. 
 
 
The proposed headspace WB/LPME method was applied to the determination 
of phenols in water samples, which were collected from a roadside drain, at spiked 
concentration levels of 0.4 and 4.0 µg/ml. The water samples were extracted 
without pretreatment. For all the samples at the respective concentrations, the 
extraction was repeated three times. The relative recoveries which are defined as 
the ratios of CE peak areas of spiked drain water extracts to spiked ultrapure water 
extracts, and precision are listed in Table 4-2. As seen from Table 4-2, the 
recoveries were in the range 86.5%-98% and RSDs were from 3.55% to 10.65%.  
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These are very good recovery data that are applicable to both low and high 
concentration of phenols in the samples.  
According to equations 9-14, for headspace microextraction, high extraction 
efficiency can be achieved given the high overall distribution coefficient K and the 
evaporation rate of an analyte k.  For the current method, based on equation 8, 
high K values can be achieved by adjusting the pH in the microdrop acceptor 
phase. Thus, for volatile compounds (relatively high k values) or semivolatile 
ionizable compounds (relatively high k values can be obtained at elevated 
temperature), the proposed method can in all likelihood provide good extraction 
efficiency. 
Based on equations 8 and 16, by adjusting the pH in the acceptor phase, high 
K values, and thus high enrichment factors can be achieved. Thus, the current 
method provides comparably high enrichment factors as organic solvent-based 
headspace LPME. In addition, as the extraction phase is not in direct contact with 
the matrix, it is expected that this technique can also be extended to more complex 
sample matrices.     
4.4 Summary 
In the present study, a new mode of water-based headspace LPME was 
developed. It opens a new perspective to LPME. Combined with CE, this 
technique offers an organic solvent-free analytical procedure.  High enrichment 
factors were obtained in the present study. By adjusting the pH of the microdrop, 
this system can be an inexpensive and convenient sample preconcentration 
method for the determination of volatile or semivolatile ionizable compounds. 
Work is being continued to apply the procedure to more complex sample matrices. 
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Chapter 5. Development and Application of Hollow Fiber Protected 
Liquid-phase Microextraction via Gaseous Diffusion to the 
Determination of Phenols in Water 
5.1 Introduction  
Capillary electrophoresis (CE) is an established technique with advantages of 
high separation efficiency, high speed of analysis, low sample consumption and 
low running cost [1]. However, its major drawback for environmental analysis is 
its high detection limit. One solution to this problem is applying effective 
preconcentration methods prior to CE analysis. 
A significant number of sample preconcentration methods have been 
developed in the past several decades. Among these methods, membrane-based 
extraction techniques have attracted considerable attention as they provide high 
selectivity and enrichment factors [2-4]. Two types of membrane extraction 
techniques are widely used. One is homogeneous membrane extraction techniques, 
which include SLM (as described earlier in this thesis, chapter 1, page 5) [5-7] and 
microporous membrane liquid-liquid extraction (MMLLE) [6,8,9]. In both, the 
organic solvent is immobilized in the pores of the membrane and separates the 
sample solution (donor phase) from the extraction (acceptor) phase. In SLM a 
buffer solution is used as the acceptor phase and in MMLLE an organic solvent is 
used as the acceptor phase. The other type of membrane extraction technique is 
the porous membrane extraction technique [10,11]. In this technique, the 
hydrophobic membrane as well as the air inside the pores of the membrane forms 
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the barrier between aqueous sample solution and aqueous extraction solution. The 
analytes pass through the barrier by gaseous diffusion.  
Very recently, hollow fiber membrane based LPME techniques which 
including two-phase LPME (HF/LPME) and three-phase LPME (liquid-liquid-
liquid microextraction, LLLME) have been developed [12-15]. In general, two-
phase LPME is based on the principle of MMLLE, while three-phase LPME is 
based on the principle of SLM [16]. (The details of HF/LPME and LLLME are 
described earlier in Chapter 1, pages 10-14.) 
In this chapter, a new microextraction technique (termed as liquid-gas-liquid 
microextraction, LGLME) based on gaseous diffusion across a microporous 
membrane [16] was developed. The microporous hydrophobic hollow fiber 
membrane is used to separate the aqueous acceptor phase and aqueous sample 
solution. No organic solvent is involved in the entire extraction process. Thus, by 
combining CE with this extraction technique, a totally solvent-free analytical 
procedure is achieved.   
 
5.2 Experimental 
5.2.1 Reagents and Chemicals 
Sodium hydroxide, sodium borate, sodium chloride and 1-octanol were 
purchased from Merck (Darmstadt, Germany). Phenol, 2,4-dimethylphenol (2,4-
DMP), 2,4,6-trichloropenol (2,4,6-TCP), 2,4-dichlorophenol (2,4-DCP), 4-chloro-
3-methylphenol (4C-3MP), 2-chlorophenol (2-CP), 2-nitrophenol (2-NP) and 
pentachlorophenol (PCP)  were supplied by Fluka.  A stock solution of 500 µg/ml 
of each compound was prepared every two weeks and stored in a refrigerator. The 
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water used was purified on a Model D4700 Barnstead Nanopure water 
purification system.  
5.2.2 Extraction Apparatus 
 
Figure 5-1 Schematic diagram of LGLME. For clarity, the water bath and 
magnetic stirrer/heater are not shown. 
 
 
The current experimental setup is illustrated in Fig. 5-1. A 1.5-ml glass sample 
vial (Shimadzu, Kyoto, Japan) was filled with the sample solution and then sealed 
tightly with a holed screw cap and septum. The sample vial was clamped to fix its 
position in a water bath (70ºC) on a magnetic stirrer (Heidolph MR3001K). A 10-
µl microsyringe with an angled-cut tip (SGE, Sydney, Australia) was used to 
introduce NaOH solution into the hollow fiber. The microsyringe was held in 
position on a retort stand during extraction.  
The Q 3/2 Accurel polypropylene hollow fiber was purchased from Membrane 
GmbH. The inner diameter of the hollow fiber was 600 µm, the thickness of the 
wall was 200 µm, and its pore size was 0.2 µm. The hollow fiber was 
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ultrasonically cleaned in HPLC-grade acetone and dried before use. It was cut into 
2.65-cm segments for subsequent extractions.  
5.2.3 Instrumentation  
The HP CE system used is the same as described in Chapter4, page 68. A 
56.5-cm (effective length 48 cm) ×50-µm I.D. bare fused-silica capillary tubing 
was used for CE. The electrolyte was 10 mM sodium borate adjusted to pH 9.0 
with concentrated sodium hydroxide. The voltage during separations was 15 kV. 
Samples were injected by pressure (100 mbar). Injection time was 3 s.  
5.2.4 Extraction Process 
Working solutions, consisting of 4 µg/ml of each phenol, were freshly 
prepared as donor samples in 0.05 M H2SO4 -20% NaCl for optimization 
experiments. The acceptor solution (0.5 M NaOH buffer solution) was prepared 
every week.  
The extraction setup is shown in Fig. 5-1. The following steps were involved 
in the extraction procedure: The sample vial was filled with the sample solution 
(1.7 ml) and was put in the water bath (at a temperature of 70 ºC). 6 µl of 0.5 M 
NaOH solution was withdrawn into a 10 µl microsyringe. The needle of the 
microsyringe was inserted through the septum of the sample vial. The 
microsyringe needle tip was then inserted into the hollow fiber segment and the 
assembly was immersed in the sample solution. The NaOH acceptor phase was 
injected into the hollow fiber and the stirrer was switched on to start the extraction. 
After a prescribed period time, the acceptor phase was withdrawn back into the 
microsyringe and injected into a vial on the CE autosampler tray for subsequent 
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analysis. A new hollow fiber was used for every extraction to eliminate potential 
carryover effect.  
 
5.3 Results and discussion 
In LLLME, the analytes in the donor phase are first extracted into the organic 
phase within the hollow fiber pores and then re-extracted into the acceptor phase 
inside the hollow fiber. In LGLME, the analytes transfer through the hollow fiber 
membrane by gaseous diffusion. The analytes were then ionized and trapped in 
the aqueous acceptor phase. The mass transfer process is shown in Fig. 5-2. The 
hydrophobic hollow fiber membrane and the air inside the pores of it prevented 
the sample solution from mixing with the acceptor buffer as has been noted in 
gaseous diffusion-based membrane separation [17]. The hydrophobicity of the 
hollow fiber membrane prevents the entry of the aqueous solution into the 
membrane pores (as also claimed by the manufacturer of the hollow fiber 
membrane) while the volatile compounds can transfer through the wall pores of 
the fiber when the donor phase was heated [18]. Thus, only semivolatile and 
ionizable compounds can get through the hollow fiber and be trapped, affording a 
certain selectivity in the extraction process. 
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Figure 5-2 Schematic of mass transfer process in LGLME. 
5.3.1 LGLME via gaseous diffusion 
Separation and extraction via gaseous diffusion by the polypropylene 
microporous membrane has been applied in the analysis of volatile analytes 
previously [19-21]. In order to confirm that the water does not go through the 
membrane, the pH of the acceptor phase was tested by pH indicator paper after 
extraction. The acceptor solution showed no pH change. In another experiment, 
blue copper sulfate solution was used to represent a sample matrix and was 
“extracted” by the current sampling set up. After 30 min extraction, the acceptor 
phase inside the hollow fiber remained colorless, indicating that the aqueous 
solution did not penetrated the membrane wall.  The above results suggest that the 
liquid is not involved in the mass transfer of LGLME and the principle behind 
LGLME should be exclusively due to gaseous diffusion across the microporous 
membrane.  
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5.3.2 Optimization of LGLME 
In order to optimize the LGLME of phenols from aqueous samples, extraction 
factors that potentially affect the efficiency of sample extraction (measured by CE 
peak areas) were studied. The factors included the composition of acceptor phase, 
extraction time, stirring rate and extraction temperature. Triplicate analyses were 
carried out in the investigation of each factor. 
5.3.2.1 Composition of acceptor phase 
The composition of the acceptor phase is critical in LGLME. To ensure 
efficient extraction of acidic phenolic targets into the acceptor phase, its pH must 
be adjusted to the basic range. In the present study, NaOH was used as the 
acceptor phase by varying its concentration from 0.01 M to 1 M. As shown in Fig. 
5-3, a higher concentration of NaOH yields better extraction efficiency. It is 
deduced that higher concentration of the NaOH would favor the deprotonation, 
and thus the extraction efficiency. However, it was also found that the extraction 
efficiency improved only slightly when the concentration of NaOH was increased 
from 0.5 M to 1 M. Another consideration was that a very basic acceptor solution 
could compromise CE analysis. Thus, 0.5 M NaOH was deemed to be optimum.  
5.3.2.2 Effect of extraction time 
The extraction time was investigated in the range of 5-25 min. Fig. 5-4 shows 
that the analytical signals increase dramatically when extraction time was varied 
from 5 min to 20 min at the extraction temperature 70 ºC. After 20 min, no 
significant increase was obtained for most of the phenolic compounds. In order to 
get good analytical throughput, 10 min of extraction time which was shorter than 
the CE running time was chosen in regard of efficiency, although a longer time 
                                                                                                          
 93 
produced slightly better results. Since the partition equilibrium was not 
established when extraction was stopped, precise extraction timing was essential 























































Figure 5-3 Effect of sodium hydroxide concentration on extraction efficiency.  
 




















2,4-DMP Phenol 4-C-3-MP PCP
2,4,6-TCP 2,4-DCP 2-CP 2-NP
 
Figure 5-4 Effect of extraction time on extraction efficiency for 4 µg/ml of each 
phenol (Extraction temperature: 70 ºC). 
 
5.3.2.3 Effect of extraction temperature 
As mentioned above, the analytes pass through the microporous hollow fiber 
by gaseous diffusion. Thus, like headspace solid-phase microextraction [22, 23], 
increasing the extraction temperature will increase the partition coefficient 
between the donor solution and the gas phase so that the extraction rate may be 
accelerated. The effect of temperature was studied in the range of 25-70 ºC. As 
shown in Fig. 5-5, the extraction efficiency could be enhanced significantly when 
the extraction temperature was increased. It was found that at higher temperature, 
however, repeatability was not as satisfactory, probably due to the air inside the 
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hollow fiber becoming subject to convection under high temperature.  Therefore, 





















2,4-DMP Phenol 4-C-3-MP PCP
2,4,6-TCP 2,4-DCP 2-CP 2-NP
  
Figure 5-5 Effect of extraction temperature on extraction efficiency.  
 
5.3.2.4 Effect of stirring rate 
Stirring rate is an important parameter that affects the extraction efficiency [24, 
25]. The optimum stirring rate was determined by analyzing samples containing 4 
µg/l of each target phenolic compound at different stirring rates between 0 and 
73.3 rad/s. Without any stirring, poor extraction was achieved. On the other hand, 
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extraction efficiency was enhanced as stirring rate increased until it reached 41.9 























2,4-DMP Phenol 4-C-3-MP PCP
2,4,6-TCP 2,4-DCP 2-CP 2-NP
 
Figure 5-6 Effect of stirring rate on extraction efficiency. 
 
5.3.3 Comparison with LLLME 
LGLME and LLLME were performed to compare their respective extraction 
efficiencies. Identical conditions for both procedures were used: donor phase 1.5 
ml consisting 8 µg/ml of each phenol, acceptor phase 6 µl 0.5 M NaOH, stirring 
rate 41.9 rad/s, extraction temperature 70 ºC and extraction time 10 minutes.  The 
organic phase involved in LLLME was 1-octanol. The enrichment factor is 
defined as the ratio between the final analyte concentration in the acceptor phase 
and the initial concentration of analyte in the sample. As shown in Table 5-1, for 
relatively volatile compounds 2-CP and 2-NP (the Henry’s law constants of 2-CP, 
2-NP are 3.96х10, 9.59 х10 Pa-m3/mole [26]), higher enrichment factors were 
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achieved for LGLME compared to LLLME. Except for 4-C-3-MP, for the 
semivolatile compounds such as 2,4-DMP, 2,4,6-TCP and 2,4 DCP (the Henry’s 
law constants range from 2.48x10-1 to 7.89x10-1 Pa-m3/mole [26]), the CE signals 
were almost the same for LGLME as for LLLME. Only for those compounds with 
relatively low volatilities (phenol and PCP whose Henry’s law constants range 
from 3.37x10-2 to 2.48x10-3 [26]), were the signals for LGLME lower than those 
for LLLME. As discussed previously in microporous membrane separation [16], 
the transport of analytes in this manner depends mainly on the volatility of the 
compounds. Thus, these results were as expected. The enrichment factors might 
not be as good for all analytes, but they were very good for volatile analytes, and 
reasonably so for the less volatile analytes. Therefore, the current method can be a 
good sample preparation method providing high enrichment factor for relative 
volatile compounds. In addition, LGLME precision was generally better. The 
reason may lie in that in LLLME it is difficult to measure exact volume of organic 
solvent immobilized in the hollow fiber wall pores.   
Table 5-1 Comparison of LGLME and LLLME 
                                     LGLME                                                  LLLME 
Enrichment           RSD* 
   factor                  (%) 
 
Enrichment          RSD* 
   factor                  (%) 
 
2,4-DMP      23                      5.3                      22            8.1 
Phenol 15                      7.6                                 33                    6.3 
4-C-3-MP 14         6.3           60            5.9 
PCP 43                    2.8           74            4.6 
2,4,6-TCP 81                    3.4          103            6.1 
2,4-DCP 71         3.0           88            6.2 
2-CP    132                    3.1          124            2.3 
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5.3.4 Quantitative Analysis 
On the basis of the experiments discussed above, the optimal LGLME 
conditions were 0.5 M NaOH, stirring rate 41.9 rad/s, extraction temperature 70 
ºC and extraction time 10 minutes. 
Under optimal extraction conditions, enrichment factor, repeatability, the 
linearity, limits of detection and relative recoveries were determined. As shown in 
Table 5-1, the 8 phenols could be preconcentrated up to 132-fold. The results were 
in the same general range as LLLME of phenols (in which liquid phases were 
involved in all stages of the extraction) under the same extraction conditions used 
in this work (Table 5-1) and reported by others previously [27]. The repeatability 
in peak areas was studied for six replicate experiments. The relative standard 
deviations (RSD) were lower than 8% for all the 8 analytes. By plotting peak 
areas vs. concentrations of analytes in the sample solution to construct calibration 
curves; coefficients of correlation (r) were all above 0.9989. The LODs (S/N=3) 
ranged from 0.5 to 4.0µg/l. The LODs are at the same range with those obtained 
by USEPA method 625, which uses GC/MS detection (LODs range from 1.5-3.6 
µg/l) [28]. The analytical data are summarized in Table 5-2. 
5.3.5 Industrial effluent water  analysis 
Industrial effluent samples collected from the west coast of Singapore was studied 
using the method developed. However, no target analytes could be detected in the 
sample. Therefore, separate samples were spiked with 40 µg/l of each phenol. The 
relative recoveries (defined as the ratios of the peak areas of the analyses in real 
samples and the peak areas of analyses in pure water sample spiked with same 
amount of analytes) are listed in Table 5-2. Relative recoveries of >86% were 
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obtained for most of the analytes except 2,4-DMP, which had a slightly lower 
value (80.6 %). 
 
Table 5-2 Quantitative Results of LGLME conducted under the optimal conditions 
                  Linearity range   Coefficient of       Limits of                 Relative  











































In the present study, a new mode of liquid-phase microextraction, liquid-gas-
liquid microextraction (LGLME) involving gaseous diffusion taking place within 
the wall pores of a microporous hollow fiber, was developed. LGLME combined 
with capillary electrophoresis was demonstrated to be a simple analytical 
procedure suitable for the analysis of volatile compounds in water. The main 
feature of the procedure is that it is totally organic solvent-free.  
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Chapter 6. Application of Headspace Ionic Liquid-based LPME for the 




Headspace microextraction techniques provide the possibility of determination 
of volatile and semivolatile compounds in soil samples or some other complex 
matrix, in which extraction by immersion of the extraction device is not feasible 
[1]. Applications of headspace SPME have been used to determine pesticides [2-
4], chlorinated benzenes [5], polycyclic aromatic hydrocarbons (PAHs) [6, 7] and 
other volatile or semivolatile organic compounds [8-13]. Very recently, headspace 
LPME, in which a drop of high boiling point organic solvent is exposed to the 
headspace of a sample matrix to extract organic compounds, has been applied to 
environmental analysis [14-17]. Headspace LPME has its advantages of no 
sample carryover, low cost and easy operation.  However, there are some 
requirements in choosing solvent for headspace LPME. Firstly, the solvents 
should have low vapor pressure so that they will not be too easily evaporated 
during the extraction procedure. In addition, the solvent peak produced by the 
extraction solvents should not interfere with the chromatographic analysis of 
target analytes [15].  
Room temperature ionic liquids have recently been considered as alternatives 
to organic solvents in LPME [18, 19].  Ionic liquids are usually composed of large 
asymmetric organic cations and inorganic or organic anions. In contrast to 
inorganic salts like NaCl, ionic liquids exhibit significantly lower melting 
temperatures. Most ionic liquids are fluids at ambient temperature, making them 
potential alternatives to conventional organic solvents. Ionic liquids have many 
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fascinating properties when they are applied as extraction solvent: Ionic liquids 
have negligible vapor pressure, which obviates production of potentially toxic 
vapor as in the case of organic solvents. Ionic liquids have already been found to 
be able to dissolve a lot of organic compounds [20, 21]. In addition, ionic liquids 
show good thermal stability and large density; thus they hasten phase separation 
[22, 23]. Importantly, ionic liquids are regarded as “designer solvents”. The 
possibility is high that ionic liquids may be fine tuned in terms of their physical 
and chemical properties to suit the requirement of a particular extraction 
procedure [24].  By varying the length and branching of the alkyl chain and the 
anionic precursor, properties such as melting point, viscosity, density and 
hydrophobicity can be adjusted. By such variation, the potential number of ionic 
liquids is estimated to be of the order of 1 billion [25]. Thus, the choice of ionic 
liquids is limitless. 
Organochlorine pesticides (OCPs) are one group of persistent organic 
pollutants present in the environment. In our study, the application of ionic liquids 
as extraction solvent for headspace LPME of five OCPs was investigated. GC 
with electron capture detection (GC-ECD) is usually applied to the analysis of 
volatile organic halogenated compounds. Considering the thermal stability of 
ionic liquids, the possibility of combining of ionic-liquid LPME with GC was 
investigated.  
6.2. Experimental 
6.2.1 Standards and regents 
The pesticides considered, including α-hexachlorocyclohexane (BHC), 
heptachlor, aldrin, endosulfanІ, dieldrin, were purchased from Polyscience (Niles, 
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IL, USA). Their structures are shown in Fig. 6-1 and their physical properties are 
listed in Table 6-1. HPLC-grade methanol was purchased from Fisher Scientific 
(Fair Lawn, NJ, USA). The water used was purified on a Barnstead ultrapure 
water purification system. A standard stock solution was prepared in methanol 
with concentration levels of 10 µg/ml for OCP, stored in a refrigerator until use. A 
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Table 6-1 Physical properties of organochlorine pesticides  
Analytes CAS numbera Log Kow Henry’s law constant 
(Pa-m3/mol) 
α-BHC 319-84-6 3.80 1.22 
Heptachlor 76-44-8 6.10 29.4 
Aldrin 309-00-2 6.50 4.4 
Endosulfan(І) 959-98-8 3.83 0.71 
Dieldrin 60-57-1 5.40 1.00 
a
 CAS number (Chemical Abstracts Service registry number) is a numeric 
identifier that can contain up to 9 digits, divided by hyphens into 3 parts. 
 
  
Ionic liquids 1-butyl-3-methylimidazolium hexafluorophosphate 
([BMIM][PF6], purity 98%) was purchased from Merck (Darmstadt, 
Germany); 1-butyl-3-methylimidazolium tetrafluoroborate ([BMIM][BF4], 
purity 98%)，1-butyl-3-methylimidazolium methylsulfate ([BMIM][MeSO4], 
pruity 98%) and 1-butyl-3-methylimidazolium 
diethyleneglycolmonomethylethersulfate ([BMIM][MEDGSO4], purity 98%)  
were purchased from Strem chemicals (Newburyport, MA, USA).    The 
structures of the ionic liquids are shown in Fig. 6-2. 
Acid-washed sea sand (particle size, 0.25-0.30 mm) supplied by Goodrich 
Chemical Enterprise (Avon Lake, OH, USA) was used in the optimization of 
the LPME method. Freshly-spiked soil sample was prepared by adding an 
appropriate volume of working solution of OCPs to the soil sample (2 g). The 
spiked soil was shaken carefully using a Vortex-Genie 2 (Model G-560E, 
Scientific Industries, INC, Bohemia, NY, USA) system to homogenize it. The 
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spiked soil sample was air-dried overnight and was extracted directly 
thereafter. Natural soil samples were collected from local sites and air-dried, 














































Figure 6-2 Structures of the ionic liquids considered in this work. 
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6.2.2 Headspace liquid-phase microextraction 
A 10-µl microsyringe, with a 22º bevel-tipped needle (Model MS-GF10, ITO 
Corp., Fuji, Japan) was used for headspace ionic liquid-based LPME. The 
extraction and thermal desorption set-up are illustrated in Fig. 6-3.   Briefly, an 
aliquot (1 µl) of ionic liquid was withdrawn into syringe. Sandy soil sample (2 g) 
and a certain volume of water were held in a 10 ml flat-bottom headspace vial. 
The syringe needle was inserted through the sample vial septum and was exposed 
to the headspace of the sample. The position of the syringe was fixed by a clamp. 
The syringe plunger was then depressed to expose the ionic liquid microdrop to 
the headspace of the sample. After 40 min extraction, the microdrop was retracted 
into the syringe. The syringe was then removed from the sample vial. The extract 
was then introduced into the GC injection port for thermal desorption of the 
analytes. Ionic liquids are thermally-stable and can stick to the microsyringe tip 
relatively strongly due to their high viscosity. The needle was introduced to the 
GC injection port at a certain position (such that the tip of the microsyringe was 
not in contact with the glass wool in the injection port liner. The syringe plunger 
was slowly depressed so that the microdrop was still attached to the tip of the 
needle in spite of the presence of flowing carrier gas inside the injection liner. 
Fine adjustment had previously been made by careful measurement of the 
positioning of the needle and the plunger in relation to the injector. After several 
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6.2.3 Chromatographic conditions 
Chromatographic analysis was carried out with an HP model 5890 GC system 
equipped with 63Ni ECD. A DB-5 30m×0.32mm, id, 0.25 µm film thickness 
capillary column (J&W Scientific) was used. Helium was used as carrier gas at a 
constant flow rate 1.5 cm/s. The injector was maintained at 260°C and splitless 
injection mode was used. The GC oven temperature was operated at the following 
temperature program: 60 °C for 6 min, followed by 20°C/min to 150°C, held for 3 
min; the final temperature was increased at 15°C/min to 260°C, the final 
temperature was held for 2 min.   
6.3 Results and discussion 
6.3.1 Extraction and thermal desorption 
A series of extraction times was investigated to study the extraction process by 
extracting 2 g of a spiked soil sample (containing 12.5 ng /g of each analyte) with 
an addition of 1 ml water (extraction temperature: 65ºC). As shown in Fig. 6-4, 
the amount of the analytes extracted increased dramatically when the extraction 
time was increased from 10 to 40 min.  After 40 min, the extraction time curve 
flattens out. The results indicate that all the analytes attained equilibrium after 40 
min.  







Figure 6-3 Schematic of headspace ionic liquid-based LPME. (a) Extraction set up. 
(b) Thermal desorption in GC injection port (the figure is not drawn to scale). 




























Figure 6-4 Extraction profile (concentrations, 12.5 ng/g of each analyte). 
 
As mentioned above, ionic liquids are high boiling point solvents; thus they do 
not evaporate during the headspace extraction process even when extraction 
temperature was increased. In the present work, it was found that the ionic liquid 
microdrop was stable throughout the 90-min extraction, under temperatures of up 
to 65ºC. 
Care had to be taken to ensure the needle tip with the ionic liquid extract was 
correctly positioned in the injection port liner. Since the drop could not be 
observed during thermal desorption, careful manipulation of the plunger was 
necessary to make sure that the drop was not accidentally detached during GC 
analysis. The position of the glass wool in the liner was carefully noted before 
experiments were conducted.   
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6.3.2 Selection of ionic liquids  
In general, in headspace LPME a high boiling point is one prerequisite when 
choosing an extraction organic solvent [15]. However, in some cases, the high 
boiling point of organic solvents may be higher  than that of the target analytes; 
thus they produce unwanted solvent peaks which may interfere the quantitation of 
the target analytes. Therefore, the choice of organic solvent is limited. In the 
present study, with thermal desorption, no solvent peak was produced by using 
ionic liquids as extraction solvents.  
1,3- Dialkylimidazolium based ionic liquids are the largest group of ionic 
liquids currently commercially available [25]. In the current work, four ionic 
liquids based on the same cation 1,3- dialkylimidazolium ([BMIM][PF6], 
[BMIM][BF4], [BMIM][MEDGSO4], [BMIM][MeSO4]) were chosen to be 
evaluated for their suitability as extraction solvent of OCPs. They are all 
commercially available. Under the following extraction: extraction time, 40 min; 
extraction temperature, 65°C; concentrations, 12.5 ng/g of each analyte, the best 
ionic liquid was determined. Experimental results show that for most target 
compounds, [BMIM][PF6] gave better extraction efficiency.  
6.3.3 Effect of the addition of water 
Addition of water is often used to increase the extraction efficiency in 
headspace microextraction of semivolatile compounds in soil sample [2, 27]. It 
was reported that the presence of certain volume of water can help speed the 
release of the semivolatile compounds from the soil sample. However, too much 
water was unfavorable as it dilutes the sample and forms a barrier which prevents 
                                                                                                          
 113 
the analytes going to the headspace [2, 27].  In addition, it was found that water 
vapor in the headspace can interfere with extraction performance [28]. In our case, 
the effect of water addition was also investigated by addition of certain volume of 
water to 2 g of sandy soil sample. As shown in Table 6-2, addition of 1 ml of 
water gave better extraction efficiency compared to dry soil sample extraction. 
However, greater volume of water decreased extraction efficiency. Compared to 
headspace SPME determination of OCPs [2], in which 5 ml water addition gave 
the best extraction efficiency, the water volume that can be added is relatively 
small. It is thus deduced that the addition of greater volume of water forms a 
larger barrier to mass transfer in the case of headspace ionic liquid-based LPME 
than that of headspace SPME. As mentioned above, water vapor in the headspace 
is one of the mass transfer barriers. Therefore, one possible reason is that the ionic 
liquid, being polar compounds, can absorb water vapor in the headspace even if 
[BMIM][PF6] is a water immiscible ionic liquid. The water vapor may form a film 
near the microdrop extracting phase and therefore reduce the extraction efficiency.  
 
  Table 6-2.  Effect of water addition on the extraction efficiency (sample 
concentrations, 12.5 ng/g of each analyte). 
 
Relative peak areas 
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6.3.4 Effect of extraction temperature  
Extraction temperature plays a key role in headspace microextraction. By 
increasing the extraction temperature, the diffusion coefficients as well as the 
Henry’s law constants of the analytes are increased. Thus, the analytes can be 
more easily released from the soil matrix and more analytes are distributed to the 
headspace and thus can be extracted in a certain time. In addition, in headspace 
ionic liquid-based LPME, by increasing the sampling temperature, the viscosity of 
the extracting ionic liquid can be significantly decreased [29], which is favorable 
for mass transfer within the ionic liquid microdrop. However, too high a sampling 
temperature is not favorable for headspace microextraction since the partition 
coefficients of the analytes between the microdrop acceptor phase and headspace 
are decreased (since the extraction is an exothermic process) 
A series of sampling temperatures was investigated to decide their effect on 
the headspace ionic  liquid-based microextraction.   As shown in Table 6-3, for all 
the 5 analytes, peak areas were observed to increase with the increase in extraction 
temperature until 65ºC. Beyond 65ºC, peak areas started to decline. 65 ºC was the 
optimum extraction temperature and was subsequently used. 
Table 6-3. Effect of extraction temperature on the extraction efficiency 
(concentrations, 12.5 ng/g of each analyte). 
Relative peak areas Target analytes 
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6.3.5 Effect of  thermal desorption time  
Thermal desorption time is a common optimization factor when SPME is 
combined with GC [30]. In this work, the effect of thermal desorption time was 
also investigated.   As shown in Table 6-4, the analytical signal does not increase 
significantly when the thermal desorption time is > 5min. Thus, it is supposed that 
most of analytes had been striped from the extracting ionic liquid to the column 
within 5 min.  
 
Table 6-4. Effect of thermal desorption time on the extraction efficiency 
(concentrations, 12.5 ng/g of each analyte). 
Relative peak areas 
Target analytes 


































6.3.6 Features of the method  
The method validation data are summarized in Table 6-5. The spiked soil 
sample (containing 12.5 ng/g of each analyte) was used to investigate headspace 
ionic liquid-based LPME with respect to repeatability and LODs. By plotting GC 
peak areas vs. concentration of analytes in the spiked soil sample, calibration 
curves were generated to evaluate the linearity of the method. Squared regression 
coefficients (r2) ranging from 0.952 to 0.993 were obtained. The RSDs were from 
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8.86% to 15.3%. Compared with determination of OCPs by headspace SPME [2], 
the current method provides relative poorer precision. The reason may lie in the 
manual extraction and thermal desorption procedure. In addition, the ionic liquids 
used are only 98% pure. The impurities may interfere with the extraction and GC 
analysis (as shown in Fig. 6-5, there are a lot of peaks for those impurites). Traces 
of water may also decompose the PF6¯ -based ionic liquids. The LODs ranged 
from 0.1 ng/g to 0.5 ng/g. Soil samples were collected near a highway in National 
University of Singapore. The chromatogram is shown in Fig. 6-5. It can be seen 
from the figure that 2 pesticides (heptachlor and aldrin) were detected. The 
concentrations of aldrin detected were not quantified and 0.97 ng/g respectively. 
The real soil sample was spiked and then capped and kept in the dark for two 
months to mimic a contaminated aged soil sample. The precision of the 
determination of real sample ranged from 7.28% to 11.66%.  
 
 
Table 6-5 Features of headspace ionic liquid-based LPME. 
Target analytes RSD (%)   (n=6) 
Linearity 
range (ng/g) r 
Real sample       
RSD (%) *                        








































    
* Determined at the concentration of  12.5 ng/g of each pesticide. 
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Figure 6-5 Gas chromatogram of (a) thermally-desorbed “pure” ionic liquid; (b) 
extract of real soil sample after ionic liquid-based LPME and (c)  extract of 
headspace ionic liquid-based LPME of aged soil spiked with the analytes after 
ionic liquid-based LPME (Concentrations are as reported in page 115, see text); 






Headspace ionic liquid-based LPME was applied to extract several pesticides 
in soil samples. In this work, some parameters such as selection of ionic liquid, 
addition of water, extraction temperature, thermal desorption time and extraction 
time that affect the extraction efficiency were investigated. 
Headspace ionic liquid-based LPME has shown to be a feasible alternative 
method to headspace organic solvent-based LPME and headspace SPME. As ionic 
liquids are conceived as “designer solvents”, their properties can be easily fine-
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tuned (based on the target analystes’ structure and properties) to give better 
extraction efficiency. 
However, there are also some problems when headspace ionic liquid-based 
LPME is combined with GC analysis. It was found that there were many non-
target peaks in the chromatograph. This may be due to the impurities in the 
extractant ionic liquids. These peaks affect the analytical performance of the 
current method. Another problem in this preliminary study is column bleeding in 
the GC analysis. It was found that after some analyses, column bleeding became 
more serious. This is because when the extractant ionic liquid was introduced in 
the injection liner for thermal desorption, sometimes the ionic liquid drop may 
accidentally detach from the tip of the microsyringe needle. This may lead to 
contamination of column as nonvolatile residues are deposited. Further research is 
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Chapter 7 Conclusions 
This research extended the applicability of LPME and developed new 
methodologies of LPME. 
Organic solvent based hollow fiber protected LPME was coupled with on-
column derivatization to determine carbamate pesticides and pharmaceutically 
active compounds present in environmental aqueous samples. Both static and 
dynamic modes of LPME were investigated. Static LPME was applied to the 
determination of carbamate pesticides. The limits of detection (LODs) ranged 
from 0.2 to 0.8 µg/l, which are adequate for environmental analysis. The 
reproducibilities for the four carbamates range from 4.86% to 7.81%. The results 
indicate that static LPME coupling with on-column derivatization can be a useful 
alternative to current sample preparation methods for determining carbamate 
pesticides in the aqueous samples. Dynamic LPME was applied to determine anti-
inflammatory drugs. The values of LODs ranged from 0.01 to 0.05 µg/l. And the 
reproducibilities for the four acid polar drugs ranged from 3.26% to 10.61%.  This 
clearly indicates that the method can be an effective sample preparation method 
for the determination of PhACs in the aqueous samples. The results for 
carbamates and PhACs suggest that hollow fiber-protected LPME coupling with 
derivatization can be a feasible sample preparation method for polar or thermally 
labile compounds prior to GC analysis. Good reproducibilities were achieved in 
both static and dynamic modes of LPME. The reason may lie in that only a simple 
one-step process was involved in the whole sample preparation method for the 
current method. More importantly, only several microliters of organic solvents 
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were utilized in this method. Therefore, this method is virtually organic solvent-
free sample preparation method and thus more environmental friendly.  
Two water-based LPME techniques were developed. Phenols were chosen as 
model analytes. In headspace water-based LPME method, the limits of detection, 
ranging from 0.001 to 0.003 µg/ml, are low enough for phenol detection in the 
environmental analysis. In gaseous diffusion promoted hollow fiber-protected 
LPME, the LODs ranging from 0.5µg/l to 10µg/l were achieved. These results 
indicated that the two procedures mentioned above can be viable sample 
preparation methods for volatile or semivolatile compounds in aqueous samples. 
In both methods, the whole analytical process is totally organic-solvent free. In 
addition, the extraction process was very simple, fast, and convenient. Both 
methods can also be extended to analysis of other matrices. In gaseous diffusion 
promoted hollow fiber-protected LPME, the hollow fiber is capable of selective 
extraction. Therefore, this method may be extended to analysis of more complex 
aqueous samples.  
Ionic liquid-based LPME has shown to be a feasible alternative method to 
headspace organic solvent-based LPME and headspace SPME. Ionic liquids were 
used as the extraction solvent for headspace LPME of organochlorine pesticides in 
soil samples.   The nonvolatility of ionic liquids enables them to serve as good 
extraction solvents for the headspace extraction. The LODs ranged from 0.1 ng/g 
to 0.5 ng/g. The results showed that this method can provide high extraction 
efficiency for analysis of organochlorine pesticides. The current method provides 
a new LPME methodology. The extraction process is simple, totally organic 
solvent free and thus environmentally friendly. Although this procedure is less 
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sensitive than conventional liquid-liquid extraction or solid-phase extraction, the 
main advantage was the totally organic solvent-free sample preparation approach.  
 
Future work: 
LPME is still evolving. Further evaluation of its applicability in trace organic 
pollutants determination in environmental analysis is necessary.  
Applications of LPME coupled with on-column derivatization methods to 
other polar or thermally labile compounds are worth studying to extend its 
applicability. In addition, in regard of automating the sample preparation process, 
dynamic mode of LPME is worth more attention. It would be a great improvement 
if the dynamic LPME process, in which a syringe pump was employed, can be 
hyphenated with chromatographic instrument as an integrated analytical system.  
Applications of the two newly developed LPME methods to more complex 
sample matrix are worth investigating. In headspace water-based LPME, since the 
extraction phase is not in contact with the donor phase, this method can be extend 
to analysis of more complex sample matrices such as slurry or soil samples.   
However, it is worth noting that both newly developed methods in this work are 
only applicable for volatile or semivolatile ionizable compounds. In addition, in 
headspace water-based LPME, for the compounds with relatively low Henry’s law 
constants, heating the sample matrices is always needed to promote the analytes 
partition into the headspace. However, this may affect the stability of the sampling 
water droplet. If a cooling system was applied in the headspace, the stability of the 
sampling water droplet may then still be stable even when the sample matrices 
were heated to high temperature. Further research on applications of these two 
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methods for extraction of other volatile or semivolatile compounds in different 
matrices is needed to extend the applicability of these two methods. 
As for ionic liquid-based LPME, further research is needed. It was found that 
there were many non-target peaks in the chromatograph. This may be due to the 
impurities in the extraction ionic liquids. These peaks affect the analytical 
performance of the current method. In further research, higher purity ionic liquids 
are needed to be synthesized if this method is applied. Another problem in this 
preliminary study is column bleeding in the GC analysis. It was found that after 
some analyses, column bleeding became more serious. This is because when the 
extraction ionic liquids were introduced in the injection liner for thermal 
desorption, sometimes the ionic liquid drop may accidentally get away from the 
tip of microsyringe due to the manual operation. This may contaminate the 
columns as these ionic liquid drops are nonvolatile residues. Thus, in further 
research, in order to overcome this problem, a guide column should be installed 
prior to the separation column to reduce the effect of nonvolatile residues inside 
the injection liner. A packed injection liner or other special thermal desorption 
units should also be tried. Since ionic liquids are conceived as “designer solvents” 
and they are easily synthesized, customized synthesis that targets specified 
physical and chemical properties can be achieved using different cation and anion 
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